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for Energy and Environmental Applications

Gamze Yilmaz, Shing Bo Peh, Dan Zhao, and Ghim Wei Ho*

Continuing population growth and accelerated fossil-fuel consumption

with recent technological advancements have engendered energy and
environmental concerns, urging researchers to develop advanced functional
materials to overcome the associated problems. Metal-organic frameworks
(MOFs) have emerged as frontier materials due to their unique porous
organic—inorganic hybrid periodic assembly and exceptional diversity in struc-
tural properties and chemical functionalities. In particular, the modular nature
and modularity-dependent activity of MOFs and MOF derivatives have accen-
tuated the delicate atomic- and molecular design and synthesis of MOFs, and
their meticulous conversion into carbons and transition-metal-based mate-
rials. Synthetic control over framework architecture, content, and reactivity
has led to unprecedented merits relevant to various energy and environ-
mental applications. Herein, an overview of the atomic- and molecular-
design strategies of MOFs to realize application-targeted properties is pro-
vided. Recent progress on the development of MOFs and MOF derivatives
based on these strategies, along with their performance, is summarized with
a special emphasis on design-structure and functionality-activity relation-
ships. Next, the respective energy- and environmental-related applications

of catalysis and energy storage, as well as gas storage-separation and water
harvesting with close association to the energy—water—environment nexus are
highlighted. Last, perspectives on current challenges and recommendations
for further development of MOF-based materials are also discussed.

1. Introduction

Metal-organic frameworks (MOFs), also
known as porous coordination poly-
mers (PCPs) or porous coordination net-
works (PCNs), have become one of the
most extensively investigated classes of
materials in the fields of material sci-
ence and chemistry, as revealed by the
dramatically increasing number of MOF
entities in Cambridge Structural Data-
base (CSD) from 20 000 in 2013 to over
88 000 in 2018.1 Distinct from other
traditional porous materials (e.g., zeo-
lites and ordered mesoporous silica), the
salient features of MOFs emanate from
their modular nature and synthetic control
toward targeted structural properties and
chemical functionalities.’”! Great diversity
of metallic nodes and organic linkers, as
molecular building blocks (MBBs), with
gained knowledge on kinetics and ther-
modynamics of MOF crystal growth have
paved the way for judicious selection of
building blocks and predetermined coor-
dination reaction under favorable condi-
tions. This has directed the rational design
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and synthesis of numerous extended
periodic networks and guided the under-
standing for structure-property-performance relationship.*3!
Unprecedented  Brunauer-Emmett-Teller (BET) surface
areas (extending beyond 10 000 m? g™!) and porosities (up
to 3.60 cm? g7!) with tailorable and well-defined dimensions,
geometries and polarities have been the foremost features
of MOFs.l
Sophisticated periodic structures with diverse topological
and functional merits unveiled by exquisite control over
reticular chemistry have provided impetus for MOF research
toward design of materials for specific applications in both
energy and environmental sectors, including gas storage,P
separation,’4¢ water harvesting and remediation,”! and
energy storage and conversion.®l The realization of these
applications is closely reliant on the chemical functionality of
metallic nodes and organic linkers within the MOFs, which
is introduced either prior to/during de novo synthesis or
through postsynthetic MBBs modification (PSM) subsequent
to MOF formation, both relying on the atomic- and molec-
ular-level design.’! Meticulous assembly of organic linkers,
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linker functionalities, and metallic nodes prior to/during de
novo synthesis can yield MOFs with desired chemical and
physical properties such as steric and electronic environment,
host-guest interactions, and pore structures that are of cru-
cial importance in determining their potential in energy and
environmental applications. Likewise, PSM strategies, such as
MBBs modification and replacement, can provide additional
degrees of freedom to modularity when the direct assembly of
MBBs is hampered by limitations, including partial solubility
of MBBs, undesired side reactions, and chemical and thermal
instability.l”! Specifically, inherent and intentionally created
controllable defects (e.g., missing linker, missing node defects)
engendered via de novo synthesis and PSM greatly influence
the pore structures for selective gas adsorption and separation,
hydrophilicity for water harvesting and electronic environ-
ment of catalytic active sites.”%1% Therefore, in depth under-
standing of the strategies for application-based rational atomic-
and molecular-level engineering of pristine MOF chemistry is
essential (Figure 1).

Apart from the unique application-targeted tunable proper-
ties of pristine MOFs leveraged by the modular chemistry and
structure, transformation of the predesigned MOFs expands
the materials choice to open up new opportunities. Because of
the high carbon contents and well-ordered open-frameworks,
MOFs are prompted to yield carbon-based materials with high
surface areas and porosities via controlled high-temperature
posttreatment reactions. Besides the inherent structural prop-
erties, carbon materials with distinct electronic properties are
also desirable for energy applications. In this regard, demand
for highly conductive carbon frameworks that can accommo-
date abundant active sites for electrochemical reactions to
take place with optimum activation energy has facilitated the
research endeavors on MOF-derived carbons.'!! Particularly,
different from the perfect (defect-free) carbon lattice, defective
carbon analogues have been an important research hotspot
since they have been reported to be electrochemically more
active as a result of the surface charge redistribution and tai-
lored reaction intermediate binding energies.''#12 Notably,
defective carbons can be transformed from MOFs over retic-
ular chemistry modulation and/or posttreatment condition
tuning due to the formation of lattice disruption/reconstruc-
tion induced by the presence and/or removal of inherent
non-metal heteroatoms (e.g., N atoms) and metal nodes (e.g.,
metals with low boiling points). Moreover, deliberate control
on reticular chemistry and posttreatment conditions plays
a pivotal role in comprehending a structure—performance
relationship over defects to pave the way for designing high-
performance materials. Atomic- and molecular-level design
strategies are capable of unveiling point and extended defects
in MOF-derived carbons such as N-doping, lattice defects,
and single atomic metal sites (Figure 1). In addition to car-
bons derived from MOFs, transition metal-based materials
(e.g., oxides, chalcogenides, pnictides, and nitrides) are widely
prepared from MOFs on account of thermal and chemical
susceptibility of the MOFS coordination chemistry.llle-8l
Importantly, incorporation of alien heteroatoms to the tran-
sition metal derivatives lattice (Figure 1) endows the struc-
ture with enhanced electrical conductivity, electron density,
and surface adsorption/desorption energy, which are vital in
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electrochemical energy storage and conversion processes.
Thus, it is important to discuss the atomic- and molecular-
level engineering strategies to attain defective carbon and
heteroatoms incorporated transition metal derivatives lattices
from MOFs (Figure 1).
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Figure 1. Schematic illustration for the atomic- and molecular-level design strategies of MOFs
and MOF derivatives along with the potential energy and environmental applications.

Here, we provide a broad yet focused review of the atomic-
and molecular-level strategies to design MOFs and MOFs
derivatives for energy and environmental applications. First, we
discuss reticular synthesis of MOFs and strategies to alter MOFs’
structural properties and chemical functionalities. Afterward,
approaches for modulation of pristine MOFs toward design of
functional carbon materials and transition metal derivatives, and
effects of postsynthetic modification conditions are summarized.
In particular, MOF-derived carbons with point and extended
defects, such as N-doping, lattice defects and single atomic
metal sites, and heteroatom-doped transition metal derivatives
are emphasized. Next, their environmental and energy-based
applications, including gas storage, separation, water harvesting,
energy storage and conversion, are discussed through recent case
studies with a focus on performance-targeted design. Finally, a
summary is provided together with a critical discussion on chal-
lenges and future opportunities for atomic- and molecular-level
design of MOFs for energy and environmental applications.

2. Reticular Chemistry of MOFs

2.1. Selection of Metal-Node Linker

As the primary constituents of the porous framework, the
identity of the metal-node and linker foreseeably holds
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wide-ranging implications on the final syn-
thetic outcome. As the first level of design,
the geometric information encoded by the
metal-node based MBBs may be used to
direct the connectivity and porosity of the
MOF scaffold to a large extent. Isoreticular
chemistry, which considers the design of
crystalline materials based on the geo-
metric contribution of MBBs, has enabled
tailoring of new materials.l®® Transition-
metal carboxylate clusters with defined
polyhedral shapes,¥l as well as infinite
rod-based building blocks may be employed
toward the design of MOFs.[11 Particularly,
specific building blocks have exhibited
exceptional tolerance toward metal substi-
tution, with prominent examples such as
the rod-based MBB in MOF-74 (M = Zn,
Co, Ni, Mg, Fe, etc.)™ and hexanuclear
MBB for high-valence metals (M = Zr, Hf,
Ce, Th, Ln, etc.).'% The robust formation
conditions of the abovementioned -clus-
ters allow the properties of a framework
to be varied, both subtly and dramati-
cally. For gas storage applications, a lower
atomic weight of the metal may be desired
to enhance gravimetric gas uptake capaci-
ties. For instance, the magnesium analogue
of MOF-74 exhibits promising uptakes for
CO, and small hydrocarbons by virtue of
its low atomic weight and other factors.['>d
In addition, the incorporation of certain
elements may endow the framework with
distinct material properties belonging to the metal, such as
fluorescence in characteristic wavelengths (e.g., lanthanides,
in particular Eu and Tb).["”)

The diversity of metals incorporated in the abovementioned
frameworks belies the synthetic challenges, which may surface
in attempts to generate isoreticular MOFs based on different
elements. For example, while the prototypical hexanuclear zir-
conium cluster was employed for MOF synthesis by simple
combination of metal salt and ligand, the rare-earth based
counterparts may only be generated in the presence of fluori-
nated linkers or structure-directing agents.['°®18] The additives
are required presumably to stabilize the hexanuclear MBB and
avoid hydrolytic polymerization of the metal precursor into
multinuclear hydroxo-based structures.*? Trigonal prismatic
carboxylate clusters have been synthetically isolated across
numerous elements as embodied by the mesoporous zeotype
framework MIL-100 (M = Al, Fe, Cr, V, Tj, etc.), which is con-
structed using the trigonal planar trimesate ligand.'” When
similar metal precursors are combined with linear ditopic
ligands such as terephthalic acid, isomorphs with different
arrangements (e.g., MIL-88) or MBBs (e.g.,, MIL-53) may
be generated, which significantly complicates optimization
efforts.?%) The preference for a certain coordination environ-
ment (i.e., octahedral vs tetrahedral) is another factor, which
deserves consideration in the selection of metal node-linker
combinations. Structures involving tetrahedral coordinated
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M?* cations like MOF-5 have been facilely obtained using Zn
precursors but not with other divalent transition metals such
as Ni. Although doping of other divalent metals has been
realized by solution exchange, the long time to equilibrium
and low rate of incorporation suggest that such approaches
are challenging to operate at scales relevant to practical
applications.[2!]

2.2. Incorporation of Functional Groups

Given the inexpensive nature of most metal precursors, the
variation of metal nodes is an attractive way to realize com-
positional and structural diversity in MOFs. In parallel, linker
selection provides additional degrees of freedom to direct
the assembly of a desired scaffold structure. One of the ear-
liest demonstrations of the isoreticular concept was to extend
linear ditopic ligands by rigid phenylene units, dramatically
augmenting the porosity of the self-assembled materials.?%
This technique of pore size expansion is now ubiquitous in
the literature, being applied to other different MBBs (e.g., Zr;
of NU-1000 series).[?3l For multitopic ligands, the linker exten-
sion is accompanied by changes in other geometric parame-
ters such as the dihedral angles, which may further influence
topological outcomes.?* Notably, the combination of hexanu-
clear MBBs with tetratopic ligands may result in an excess of
10 unique nets depending on node connectivity and various
conformational properties.”) Where such parameters may be
systematically controlled, the practice of isoreticular chemistry
allows further opportunities to tune material properties such
as the defects concentration, as seen in a recent example illus-
trating the use of transversal design in Zr-MOFs by Guillerm
et al.?%! Nevertheless, the synthetic effort involved in precise
manipulation of these parameters may be significant, yet con-
flict with other attempts to introduce nonstructural functional
moieties.

Beyond the scaffolding role of the linker, the incorporation
of functional moieties is a straightforward way to generate
compositional diversity in MOFs. In linkers comprising phe-
nylene units, aromatic substitution presents an avenue to a
wide range of derivatives, including amino, nitro, halide, and
sulfo-functionalized compounds. Notably, the functionality on
the aromatic rings has been used to systematically vary the
electronic environments in the vicinity of the metal nodes,
which, for example, significantly impacted the performance
in photocatalysis for MIL-125(Ti).1?’”] Besides organic substitu-
ents, a major branch of research concerning the incorporation
of metal-chelating sites into MOFs, which mimics the highly
efficient molecular catalysts found in nature has been demon-
strated. 2,2’-Bipyridine and porphyrinic motifs have been suc-
cessfully incorporated in numerous MOF systems, whereas
salen-based ligands were also explored, with varying degrees
of success.?!! The potential participation of incorporated
functional groups in the self-assembly is undesirable and
poses challenges to successful synthesis. Hard soft acid base
theory has been employed to rationally optimize the synthetic
process, by utilizing preferential coordinative tendencies to
thermodynamically favor the desired product.’’l However, it
is likely that drastic changes in the synthetic conditions are
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necessary to compensate for interfering chelating effects by
the introduced functional groups. As a recent example, a
first synthesis of amino-acid-containing Zr-MOFs has been
reported in 2018 by Serre’s group. While the linker (L-aspartic
acid) is substantially similar to a previously isolated ana-
logue based on fumaric acid, synthesis under exceptionally
concentrated solutions is necessary to compensate the com-
petitive complexation of the Zr precursor by the zwitterionic
linkers.’”) Considering the challenges in direct synthesis,
solid-state transformations have been relied on as a simple,
albeit more resource-consuming, route to decouple the scaf-
fold formation and the incorporation processes of functional
groups.Bl]

As a further elaboration of the concept of distinguishing
structural and functional linkers, the chelation of nonstructural
ligands to metal nodes has been employed to confer various
desired properties. The term “solvent-assisted ligand incorpo-
ration” (SALI) has been suggested by Farha et al. to describe
this technique.?”l By avoiding the self-assembly process, SALI
has a greater tolerance to functional groups. For instance,
linear diamines have been introduced into the unsaturated
metal centers, which facilitated a chemisorption mechanism
for CO, sequestration.’® Defects at the metal nodes of Zr-
MOFs have been shown to accept a wide range of chelating
ligands, including monodentate carboxylates, sulfates, and
phosphonates.?* The choice of chelating moiety is pertinent
to ensuring the effective lifespan of the SALI functionalization
against replacement by competing ligands. SALI is contingent
on the presence of unsaturated metal sites in the framework,
the formation of which will be discussed in a later section. In
a parallel development, Zhou's group and others have reported
a number of MOF platforms with appropriately sized pockets,
which allow postsynthetic insertion of linkers with different
functionalities.® The base platforms are generated by using
a scaffolding linker to favor highly defective structures; while
the functionalized linkers may be introduced stepwise into
their thermodynamically favored positions. Such a high level
of spatial control is distinct from other one-pot methods to
generate mixed-ligand frameworks with close to stochastic
distributions.3%

While the inorganic component of the MOF is typically
concentrated at the metal nodes, some linkers may also
exhibit substantially inorganic character. In particular, a
diverse category of pcu MOFs is constructed by extension of
octahedral pyridine-based molecular building blocks, which
are further crosslinked into 3D frameworks by fluorine-con-
taining anionic pillars.’” Apart from the linear silicon hex-
afluoride anion adopted in the prototypical SIFSIX-1-Zn pcu
MOF, the identity of the “pillar metal” has been extended to
various others, including Ti and Sn.*®! Crucially, the replace-
ment of the “pillar metal” permits the adjustment of porosity
by exceptionally small increments (0.2-1 A) within the ultra-
microporous pore system, which has enabled benchmark
performance among the existing materials for numerous
demanded separations.?? The potentially low cost to imple-
ment these changes and minimal impact on the MOF scaf-
fold poises inorganic “fine-tuning” as a useful complement to
organic modification for the atomic-level design of functional
MOF materials.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.3. Introduction of Defects

The presence of unsaturated metal centers (UMCs) in MOFs
has inspired numerous potential uses as reactive sites for the
sorptive interaction with guest molecules, as catalytic active
sites, or as grafting points for framework-modifying atoms or
ligands. Beyond the transient formation of UMCs as a result
of their chemical environment, periodically distributed UMCs
have been recognized in several MOF structures, such as
Zn;(BDC);-6CH;0H, the MOF-74 series, and MIL-101.11>240]
Their presence, being highly synthetically reproducible and suit-
able for characterization by crystallographic methods, makes
them highly relevant from the perspective of MOF designers.
Dietzel et al. have rationalized certain contributing factors to
UMC generation in MOF-74 (CPO-27), which include tolerance
of metal nodes for changes in coordination number, high frame-
work rigidity, as well as availability of compensating ligands.[15341]

More recently, Zr and Hf frameworks have gained the focus in
MOF defect engineering owing to the convergence of the MOF
properties to the abovementioned criteria. The hexanuclear Zr,
nodes have been reported to tolerate replacement of 6 (in the
case of MOF-808) and 8 (in the case of NU-1400) coordination
sites by nonstructural ligands in the presence of monocarboxy-
late “modulators” such as formic acid or acetic acid.*¥ Appre-
ciation of variable connectivity in the metal nodes due to defects
greatly facilitates efforts in topological prediction. Where a high
concentration of defects is desired, linkers may be rationally
selected to target “defective” nets with lower than ideal connec-
tivity (Figure 2). Introduction of geometric deviations by incor-
poration of ring heteroatoms or appending sterically bulky moie-
ties are the key strategies to facilitate their synthetic isolation.[*]

www.advancedscience.com

3. Transformation of Designed MOFs into
Functional Materials

3.1. MOF-Derived Carbons
3.1.1. Local and Extended Defects Generation

Heteroatom N-Doping: The sp>-hybridized carbon-based materials
possess electrochemically inactive 7 electrons, zero spin density,
and uniform small charge density, which impart near electro-
neutrality to the surface and lead to inferior electrochemical
activity in charge transfer-dominated electrochemical reactions.
Impressively, over the last decade, sp>-hybridized carbon elec-
tronic structures have been effectively modulated by breaking
the local electroneutral atomic bonding via single or multiple
heteroatom doping using N, B, P, and S atoms, which are per-
ceived as point defects.*!] In particular, substitution of carbon
atoms with nitrogen heteroatoms dramatically changes surface
polarity of the neighboring carbon atoms in the framework due
to large electronegativity difference between carbon (y = 2.55)
and nitrogen (y = 3.04), which induces electron-deficient carbon
environment favorable for reactant adsorption. N atoms can
be incorporated in various binding configurations in form of
pyridinic-N, pyrrolic-N, graphitic-N (or quaternary-N), pyridinic
oxide-N, and pyridinium-N.*¢4] Doping content, chemical
states and configurations of the nitrogen atoms are important
factors determining the final activity of the carbon structure.
For example, it was revealed that pyridinic- and graphitic-N sites
take active role in oxygen reduction reaction by reducing oxygen
adsorption energy barrier, facilitating the electron transfer and
weakening the O—O bond.*®! Chen and co-workers reported

‘ 8-c reo
8-cbon | ” | 38-ctizd 3.4,10-¢
10 | 22— Gust 312l
uster 2,3 3,4 ,12-C
10-c bet connectivity (ttt, Ik, fon)
. A | i "
12-c feu, L2 Linker 2 3 Linker Trigonal pyramid
becu-x-12-P4,/mmc ’ inen: geometry ditopic geometry Triangle
12 f |
11-cela |11 Cluster Linear+oxo 10 3,10-c gnf
| (elb, eic) connectivity - S Lo
10 connecti h
| 8-c hex Linker 8 3,8-c the
[ 10-c bet, j geometry 4 &
fcu-10-P4,/mmc B 6 4-c sql :
| (deh-d, cco, gpu, tcc) | (nbo, cds) Tetrahedral Rectangular 3,4-c tbo, 3,6-c kgd, spn
J J |_pto, mhg-z (pyr, rtl, dag,
gcbcu | 6 (4.4)llb Square W, S D
. (acs, bes, crs, Icy,
hxg, hxl)
4 Cluster
4-c pts, pth W
— © Cluster. a_[acm
4,6~ ifi, ibd, 8 12 connectivity 12| (sql, nbo, cds) |

| toc, tpt, gar, iac

(agotu | 412cith | ' :
(edc;cen) | 1 8 6 ?tdzs-gp gc?’cszscq
412c |[48cesq | 4 6-C she
ftw, shp || scu, sqc (soc: stp)

Figure 2. Topologies of Zr-MOFs built on Zrg clusters with ditopic (145) and polytopic (56) linkers. Reproduced under the terms of the CC-BY Creative
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that graphitic-N sites with low doping concentration are optimal
sites for oxygen evolution reaction by analyzing the free energy-
change diagrams and electrostatic potential surfaces using den-
sity functional theory (DFT) calculations.**! Nevertheless, in
supercapacitor applications, graphitic-N enhances the electrical
conductivity of the carbon framework, while pyridinic- and pyr-
rolic-N play main role in improving pseudocapacitance due to
their pseudocapacitive contribution in redox reactions.*’!

In this respect, MOFs are excellent precursors for prepara-
tion of porous heteroatom-doped nanocarbon materials owing
to their intrinsic properties such as high porosities, exceptional
specific surface areas, tunable ligand-metal sites, inherent N
atoms, rich carbon contents, and favorable dynamic frame-
works. As a subclass of MOFs, ZIFs are particularly advanta-
geous organometallic complexes in view of their nitrogen- and
carbon-rich imidazolate (and its derivative) linkers and transi-
tion metal ions (e.g., Zn, Co, Ni, Cu, Fe), which could act as
seeds to catalyze formation of highly graphitic carbons. To date,
the most widely investigated ZIF candidates have been ZIF-8
and ZIF-67 for preparation of N-doped carbons, where graphiti-
zation degree, nitrogen-dopant content, dopant configuration,
surface area and morphology of the final carbon structure have
been examined and modified by engineering the parent ZIF

Adv. Sci. 2019, 6, 1901129 1901129 (6 of 33)

precursors and tuning the posttreatment conditions.*® Upon

direct carbonization of ZIF-8 at high temperatures (>600 °C)
under inert environment, ZIF-8 tends to transform into micro-
porous carbon framework with high degree of N doping and high
surface area. Nonetheless, carbon is mostly amorphous and struc-
tural collapse occurs above 900 °C due to weak catalytic graphiti-
zation ability and evaporation of Zn metallic nodes (mp 420 °C,
bp 907 °C).148beil#] By contrast, ZIF-67 crystals, isostructural
to ZIF-8, can be converted into a well-graphitized carbon struc-
ture by direct thermolysis since Co nanocrystals, reduced from
Co?* nodes during thermolysis, catalytically assist formation
of graphitic layers. However, unlike the ZIF-8-derived carbons,
surface area and N content are sacrificed in ZIF-67-derived car-
bons. Individual benefits of these isostructural ZIFs-derived car-
bons could be merged by rational design of the metallic nodes
without compromising the morphological merits by leveraging
similar ionic radii and coordination number of Zn and Co ions
as well as similar unit cell parameters (ozpg = 16.99 A, 07567
=16.95 A). Such a bimetallic organic framework (BMOF) design
is attainable via coprecipitation (Figure 3a) or epitaxial growth
(Figure 3b) methods. To date, BMOFs coprecipitation method
has been widely investigated by precisely tuning Co and Zn
molar ratios to study the porosity, surface area, graphitization

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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degree, and N-doping content/configuration of the derived
carbons .37 Tt has been reported that the optimum zinc incor-
poration into Co-ZIF framework and its direct carbonization at
700-1000 °C under inert atmosphere compensates minimized
the surface area, microporosity, and N-content of ZIF-67-de-
rived graphitic carbons. Zinc species regulate the graphitization
kinetics of Co by precluding excessive growth and aggrega-
tion of catalytically active Co nanoparticles, thereby leads to
gradual transition from amorphous to graphitic carbon. At
optimum Zn/Co molar ratios, BMOF-derived carbons exhibit
Co nanoparticles (within the size range of 9-11 nm) wrapped
in circular well-graphitized carbon layers possessing moderate
nitrogen content (<9.0 wt%) in form of graphitic-, pyrrolic-, and
pyridinic-N. Importantly, it has been demonstrated that tuning
the Zn/Co molar ratio affects N-doping configurations in the
final carbon product.*¥! Alternatively, by the epitaxial growth
method, nanoporous N-doped carbon@graphitic carbon (NC@
GC) structures with high surface areas and N contents have
been also attained by synthesis of ZIF-8@ZIF-67 crystal and its
successive thermolysis. 80501

Apart from ZIF-based MOFs, other nitrogen-containing
MOFs can be employed to prepare N-doped carbonaceous
materials.P! Jeon et al. obtained nitrogen-doped porous car-
bons from the pyrolysis of a nitrogen-containing isoreticular
metal-organic framework (IRMOF-3, containing Zn and 2-ami-
noterephthalic acid) at various temperatures (600 °C, 700 °C,
800 °C, and 950 °C).P'l Pyrolysis is capable of altering the
nitrogen content, graphitization degree, disorder/defects and
porosity, indicating the significance of posttreatment conditions
on atomic structure of the as-prepared samples. The decom-
position of the 2-aminoterephthalic acid ligand in IRMOF
endowed the final carbon structure with N atoms, in which
the N loading decreased from 7 to 3.3 wt% as the temperature
increased from 600 °C to 950 °C. Another commonly utilized
N-containing MOFs are Prussian blue analogues (PBAs), des-
ignated as A,M’[M”(CN)gl,. © 1, nH,0, where M’and M” are
transition metals coordinated with carbon and nitrogen.l1>-452
Taking cobalt analog of Prussian blue for example, Zeng et al.
prepared nitrogen-enriched graphene shells via pyrolysis of
Co;[Co(CN)¢], (Figure 3c).P!cl Notably, abundant Co NPs were
formed through the aggregation of Co nodes at elevated temper-
atures (above 600 °C) due to high Co/C ratio in PBA compared
to ZIFs. Because of the richness and strong catalyzing effect of
Co NPs, thick N-doped graphene shells (5-16 layers) evolved
around the Co NPs. The Co NPs (=20 nm) cores interlaminated
in the thick graphene shells (Co@NG) (Figure 3d) were then
leached out via acid treatment to fully realize the N-rich gra-
phene shells (Co@NG-acid) (Figure 3e) as also confirmed by
X-ray diffraction (XRD) and X-ray absorption near-edge struc-
ture (XANES) studies (Figure 3f,g). This study revealed that the
concentration of metallic node relative to carbon is a crucial
factor affecting the synergistic interaction of the inherent MOF
components during pyrolysis, which determines the final gra-
phitic morphology.

For the MOFs precursors with absence of N in the organic
ligand, such as Zn-MOF-74, MIL-101 (Fe), MIL-100 (Fe), MIL-
88B, MOEF-5, and NENU-5, N atoms still can be extrinsically
incorporated into the MOF-derived carbons via the thermal
treatment of the MOFs with external N sources (e.g., melamine,
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dicyanamide,
nol, ammonia, triethylamine, urea, etc.).l

Lattice Defects: Apart from the inherently existing heter-
oatom dopants as point defects, MOF-derived carbon lattice
can intrinsically accommodate other types of extended and
point defects (e.g., broken fringes, holes, dislocations, grain
boundaries, Stone—Wales (SW) defects and single vacancy (SV)/
double vacancy (DV), etc. (Figure 4a)) during high-temperature
transformation of MOF precursors due to formation of lattice
disruption/reconstruction induced by presence (e.g., N atoms)
and/or removal of inherent heteroatoms (e.g., N atoms) and
metal nodes (e.g., metals with low boiling points).'?348¢54
Recently, Meng et al. reported a facile strategy for oriented for-
mation of CNTs from MOFs (e.g., ZIF-67, Co, Fe-ZIF micro-
spheres, Ni-ZIF microspheres, Co-BTC microsheets, Ni-BTC
hollow microspheres, Co-MOF nanorods, and ZIF-67 @ZIF-8)
through a low temperature (435 °C) direct pyrolysis process
under argon.8¢l When the pyrolysis temperatures are held
close to decomposition temperature of the MOFs, small Co,
Ni, and Fe nanocatalysts gradually formed from metallic nodes
and served as seeds to initiate the subsequent transformation
of organic units into CNTs. Eventually, N-rich CNTs (up to
25.5 wt%), obtained from N-containing zeolitic-imidazole type
parent MOFs, exhibited randomly oriented and stacked gra-
phitic layers with abundant defects and edges (Figure 4b—d).
Nonetheless, successive and integrated graphitic layers with
low defect density formed in pure CNTs, which were derived
from other MOFs with N-deficient linkers (Ni-BTC, Co-BTC,
and Co-MOF), signifying the important role of N-heteroatoms
in generating structural extended defects in graphitic carbon
lattice. Similarly, it was demonstrated that N-doping and
defects in CNTs synchronously emerge during high tempera-
ture (>600 °C) pyrolysis of N-containing ZIF-67 in presence
of Ar/H, atmosphere as revealed by transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images
(Figure 4e,f).1*88l Defect density and nitrogen doping were
reported to decrease with increasing temperatures due to insta-
bility of N atoms and increase in graphitization degree. Naveen
et al. further observed defective lattice on N and S co-doped
carbon, obtained from heteroatom-rich polymeric zinc organic
framework templates (ZnDTO).”>! As shown in Figure 4g, N
and S co-doped porous carbon materials (Fe-SNC) with well-
defined interconnected graphene nanosheets with abundant
defects were obtained via direct carbonization of ZnDTO and
hemoglobin (Fe source).

Aside from the extended defects induced by the existence
of heteroatoms, vacancy-based intrinsic defects can be cre-
ated in MOF-derived carbon materials by selectively removing
metal and/or nitrogen heteroatoms from the carbon frame-
work during pyrolysis process.P*>8l Combining experimental
data with theoretical calculations, it was reported that defect-
rich pure carbons could exhibit better activity than defect-free
heteroatom-doped carbons.'22>54¢l Yag's group demonstrated
that removal of N atoms from carbons could create G585 defect
on graphene, which exhibits comparable activity to Pt in all
steps for the ORR. It was reported that single nitrogen atom
vacancy in N-doped carbons causes instability in the lattice
and combines with another vacancy to generate a thermody-
namically stable nonhexagonal rings defect, referred as G585

poly(cyclotriphosphazene-co-4,40-sulfonyldiphe-
53]
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Figure 4. a) Perfect and defective graphene clusters. Reproduced with permission.l'23l Copyright 2015, The Royal Society of Chemistry. b) SEM and
c) TEM images of the N-doped CNTs framework derived from ZIF-67. d) HRTEM image of a typical defective and edge-rich CNT with encapsulated
Co nanoparticle. b—d) Reproduced with permission.l*8¢l Copyright 2017, American Chemical Society. e,f) HRTEM images of the N-doped CNT with
divergent graphitic layers. Arrows in (e) and (f) indicate the direction of the graphitic layers. e,f) Reproduced with permission.[*3l Copyright 2016,
Springer Nature. g) HRTEM image of Fe-SNC showing the defective graphene nanosheets. Reproduced with permission.®l Copyright 2016, Wiley-VCH.

defect.Bel Along with the theoretical calculations, experimental
studies were carried out to eliminate nitrogen atoms in the
porous organic framework-derived carbons through pyrolysis,
where the removal of N leads to increased Ip/I; ratios. More
recently, the same research group investigated formation of
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vacancy-defects in pure-carbon lattice by removing Zn atoms
from TRMOF-derived carbon (PC-18-950).°*®! N-doping effect
was eliminated by selecting a nitrogen-lack linker containing
IRMOF, and Zn atoms were completely removed with flowing
N, at 950 °C. It was proposed that the removal of metal from

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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sp? carbon breaks the integrity and creates defects/disorders
in PC-18-950, which was reported to decrease the overpotential
requirement for ORR.

3.1.2. Single-Atom Based Modification

Besides the transformation of intrinsic MOFs metallic nodes
to metal nanoparticles for designing well-graphitized defective
carbon frameworks, the same metal nodes can be converted
into atomically dispersed metal species in carbon framework
in form of single-atom metal sites. Single-atom metal sites can
be defined as atomically dispersed metal species, which are
enclosed in the lattice with other type of atomic species and
isolated from short-range same-type metal-metal interactions.
Downsizing the metal nanoparticles or clusters into single
atoms is of essential importance in energy-related applications,
particularly in catalysis, as it offers utmost atomic utilization
and augmented charge transfer interactions of the single atoms
with local coordination environment owing to the lowest size
limit and structural effects.’®l Specifically, single-atom metal
sites are ideal structures for fundamental understanding of
catalytic reactions at the molecular level, since they possess
homogeneously dispersed catalytic active centers and coherent
atomic interactions. However, advance in single-atom catalysts
is mostly hindered by: i) low single-atom density (<1 wt%) and
ii) high mobility and sintering tendency of single atoms due to
their excess surface free energies.P®®<%7] Weak support-metal
interactions eventually cause metal nanoparticle aggregates,
further affecting the final performance of the material. Thus,
in the last decade, rational synthetic strategies have been intro-
duced to increase atomic loading amount and enhance metal—
support interactions to assure atomic dispersion of metallic
species. Mass-selected soft-landing,®® atomic layer deposition
(ALD),P”! and wet-chemistry routesl®®»% have been recognized
as the strategies for preparation of single-atom metal sites.
Mass-selected soft landing technique enables controlled selec-
tion of metallic species by size via a quadrupole mass filter
and deflector assembly, and uniform deposition onto a support
(such as magnesium oxide, titanium oxide, alumina).’® Simi-
larly, ALD technique allows deposition of atoms on substrates
with precise size and distribution via successive surface reac-
tions.%) However, despite the controllability and sensitivity of
mass-selected soft-landing and ALD techniques, practical appli-
cability of them is significantly hampered by high instrumen-
tation cost and low product yield. On the other hand, a more
feasible and low-cost strategy for preparation of single-atom
sites involves wet-chemistry routes, in which single-atoms
are anchored on designated sites of supports through strong
metal-support chemical interactions. In wet-chemistry routes
(e.g., coprecipitation, deposition—precipitation, impregnation,
and photochemical method), a prerequisite is to devise sup-
port materials wisely to unveil active sites for trapping and
strong stabilization of single-atom sites.*®®%! Defects, such as
vacancies or unsaturated sites, on supports play a pivotal role
as active sites since they introduce unique the electronic and
coordination environment for favorable attachment of single
atoms. Recent studies elucidated that wet-chemical routes
could induce numerous anion (0%-, S72)[%%*¢l and cation (Ti*,
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Fe*?, AI>*, Ce*", Ni?*)Bob00Fh] vacancies on substrates, which
can effectively capture and strongly stabilize various single-
atoms, including noble and transition metal atoms (Pt, Au, Ir,
Pd, Co, Fe).

MOFs have been widely regarded as promising template
materials for preparation of single-atoms thanks to their tun-
able metal node-linker functionalities, high porosities, and
reactive coordination sites. Compared to other wet-chemistry
routes, MOF-directed strategy enables a top-down design,
which is attained by atomic dispersion of single metal species
in MOFs via spatial confinement and/or coordination inter-
action, followed by stabilization with posttreatment. MOF-
directed strategy assists preparation of earth-abundant 3d
transition metal single atom sites as well as noble metal atom
sites with high loading in carbonaceous supports, which differs
from traditional wet-chemical routes that generally results in
noble metal atomic species dispersion in metal oxides supports
with low single atom content. Isolated metal atoms in carbon
materials considerably alters the electrocatalytic activity of pure
carbons due to modified electronic properties of carbon and
low-coordination environment of single atoms. Single-atom
sites can be anchored in MOFs and stabilized using various
strategies such as intrinsic ionic coordination, pore confine-
ment, NPs-to-single atom conversion and post-treatment with
stabilizing N source (Table 1).

Ionic Coordination: In the intrinsic ionic coordination-based
single-atom site creation, uncoordinated organic ligands and
metallic nodes of MOFs play a crucial role in assembling
metal ions within the 3D periodic coordination entities. In this
strategy, single metal atom species are held in the framework
with appreciable atomic separation to restrain further aggre-
gation through the formation of metallic bonds. Meanwhile,
N-defects, formed during the postprocessing, act as coordina-
tors to stabilize the single metal atoms. In this context, the
most widely studied MOF has been the Zn/Co BMOF.®!l In
the pioneering work, Yin et al. synthesized a BMOF by tena-
ciously incorporating volatile Zn?* nodes into the Co-ZIF (ZIF-
67) framework.[°!4 The inherent Zn*? nodes in the Co-ZIF were
exploited to ensure spatial separation between Co*? nodes to
prevent them from aggregation during the high-temperature
posttreatment. Following the BMOF synthesis, Zn nodes were
then evaporated at high temperatures over 800 °C, resulting in
formation of N-rich defects. Eventually, the uncoordinated N
sites firmly trapped and stabilized the in situ reduced Co atoms
as single atoms with a metal loading of over 4 wt%. It is worth
mentioning that the ratio of Zn to Co directly influences single
atom to NPs transition. Inspired by this study, the same strategy
has been successfully implemented to regulate the coordina-
tion environment and the number of atomically dispersed Co
catalysts considering the significant effect of the local coordi-
nation environment on activity and durability of single-site
catalysts (Figure 5a—c).°""! By altering the carbonization tem-
perature, a series of atomically dispersed Co catalysts with N
coordination numbers of 4, 3, and 2 were selectively obtained
at 800 °C, 900 °C, and 1000 °C from Zn/Co BMOFs, respec-
tively. Carbonization at higher temperatures led to formation of
lower Co-N coordination numbers due to accelerated breakage
and evaporation of C-N fragments with higher energy input.
The atomically dispersed Co species were further evidenced

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. MOFs for generation of single-atom sites.
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MOF Single-atom Strategy Support Loading [wt%)] Application Refs.
UiO-66-NH, % Intrinsic ionic coordination N-doped carbon 1.2 (ICP-OES) Electrocatalytic HER [63¢]
PCN-222 (MOF-545) Fe Intrinsic ionic coordination N-doped carbon 1.7 (ICP-AES) Electrocatalytic ORR 162]
ZIF-8 Fe Intrinsic ionic coordination N-doped carbon 0.45 (XPS) Electrocatalytic ORR [61¢]
Zn/Co-BMOF Co Intrinsic ionic coordination N-doped carbon 4.3 (ICP-OES) Electrocatalytic ORR [612]
Zn/Co-BMOF Co Intrinsic ionic coordination N-doped carbon 0.34 (XPS) Electrocatalytic ORR [61d]
Zn/Co-BMOF Co Intrinsic ionic coordination N-doped carbon 1.70 (ICP-MS) Electrocatalytic ORR [61€]
Zn/Co-BMOF Co Intrinsic ionic coordination N-doped carbon 0.25 (ICP-AES) CO, electroreduction [616]
MOF-525 Co Intrinsic ionic coordination MOF-525 6.0 CO, photoreduction [63b]

Zn 6.4 (ICP-OES)
Al porphyrinic MOF Pt Intrinsic ionic coordination Al porphyrinic MOF 0.07 (ICP-AES) Photocatalytic H, evolution [63d]
(Al-TCCP) (AI-TCCP)
PCN-222 Ir/Pt Intrinsic ionic coordination PCN-222 1.0/2.5 Photocatalytic H, evolution [63a]

Ir 1.4

Pt 2.7

Ru 1.9

Au 1.1

Pd 3.6 (ICP-OES)
Ui0-66-NH, Ru Intrinsic ionic coordination N-doped carbon 0.3 Selective hydrogenation of quinoline 163
Hf-MOF-808 Intrinsic ionic coordination Hf-MOF-808 1.1 (ICP-OES) Selective alcohol oxidation 165f]
Zr-NU-1000 Intrinsic ionic coordination Zr-NU-1000 1.0 (ICP-OES) Selective alcohol oxidation 163]
ZIF-8 Fe Pore confinement N-doped carbon 2.1 (ICP-OES) Electrocatalytic ORR [642]
ZIF-8 Ni Pore confinement N-doped carbon 1.5 (ICP-AES) CO, electroreduction [64b]
Ni-MOF Ni NPs-to-single atom conver- N-doped carbon 1.5 (ICP-AES) Electrocatalytic HER [66a]

sion-electrochemical activation

ZIF-8 Pt NPs-to-single atom conver- N-doped carbon 0.41 Semihydrogenation of acetylene [66b]

Pd sion-pyrolytic activation 0.16

Au 0.18 (ICP-AES)
Cu-MOF Cu Posttreatment with N N-doped carbon 20.9 (ICP-OES) Electrocatalytic ORR 165]
ZIF-8 Zn Nanostructuring N-doped carbon 11.3 (ICP-AES) Photothermal catalytic CO, conversion  [136]
ZIF-8 Mn Two-step doping/adsorption N-doped carbon 3.03 (ICP-MS) Electrocatalytic ORR 187]
ZIF-8 Cu Gas-migration N-doped carbon 0.54 Electrocatalytic ORR 037)

Ni 0.31

Co 0.24

(ICP-AES)

ZIF-8 Fe Gas-migration N-doped carbon 1.0 (XPS) Electrocatalytic ORR 186]

by high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) and X-ray absorption fine
structure (XAFS) spectroscopy measurement.

Aside from employing mixed metallic nodes as in BMOFs,
mixed ligands can be combined in MOFs to selectively attain
homogeneous spatial separation between the potential single
atoms. Recently, Jiao et al. reported preparation of high content
(1.76 wt%) single Fe sites supported on N-doped porous carbon
through a mixed-ligand strategy using a porphyrinic parent MOF,
PCN-222 (also called MOF-545 or MMPF-6).[°% A series of Fe,~
PCN-222, including Fe—PCN-222, Fe,,—PCN-222, and Fe,—PCN-
222, were synthesized based on the assembly of H,-TCCP (TCPP
= tetrakis (4-carboxyphenyl)porphyrin) and Fe-TCCP ligands
with Zr* metallic nodes, as depicted in Figure 5d. Among them,
Fe,—PCN-222 was successfully converted into single-atom iron-
implanted N-doped porous carbon (Fesy—N-C) upon pyrolysis
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(Figure Se,f), while Fe,;—PCN-222 was transformed into Fe NPs
decorated N-doped carbon due to agglomeration tendency of
packed Fe ions with shortened Fe- - - Fe distance.

It should be noted that besides the insertion of potential
single-atom species as MOFs’ inherent fragments during MOF
synthesis, the same species could be trapped by the MOFs after
synthesis through rich uncoordinated sites such as porphyrin
centers in porphyrinic MOFs and —NH, groups in UiO-66—
NH,.%%! For example, using UiO-66-NH, as the precursor,
Chen et al. fabricated N-doped carbon matrix featuring well-dis-
persed single W atoms (W-SAC) (Figure 5g-i).[*¢l The strategy
is based on the strong coordination between WCls and unco-
ordinated amine groups (—NH,) in the MOF framework. The
W-anchored UiO-66-NH, polyhedrons were then decomposed
into the target W-SAC through a pyrolysis process at 950 °C.
Importantly, without the assistance of the —NH, groups, the W

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Schematic for the synthesis of single Co atoms in N-doped carbon derived from Zn/Co BMOF. b) Scanning electron microscopy (SEM)
image of the N-doped carbon and c) HAADF-STEM image showing the atomic dispersion of Co atoms. a—c) Reproduced with permission.I'? Copyright
2018, Wiley-VCH. d) Schematic for the synthesis of Fe,o—PCN-222 and single Fe atoms in N-doped carbon (Fesp)—~N-C). e) SEM image of Fesa)—N—-C and
f) HAADF-STEM image showing the atomic dispersion of Fe atoms in Fess—N—C derived from Fe,—PCN-222. d—f) Reproduced with permission.[?
Copyright 2018, Wiley-VCH. g) Schematic illustration for the synthesis of atomically dispersed W in N-doped carbon (W-SAC) from UiO-66—NH,.
h) Energy-dispersive X-ray (EDX) spectroscopy elemental mappings of the W-SAC, indicating that W element is homogeneously distributed in W-SAC.

i) HAADF-STEM image showing the atomic dispersion of W atoms. g—i) Reproduced with permission.®*¢l Copyright 2018, Wiley-VCH.

precursor was reported to aggregate and form 1.21 wt% W clus-
ters or NPs, indicating the strong confinement and stabilization
of single atoms via MOF functional groups.

Pore Confinement: Confinement of single-atom metal precur-
sors in periodic MOFs pores is another strategy toward design
of single-atom sites. Through a subsequent pyrolysis process,
the resulting MOF can stabilize the pore-confined single-atom
sites in carbon network to yield single-atom carbons. Recently,
Li's group reported single-atom (Fe and Ni) decorated N-doped
porous carbon obtained from the facile pyrolysis of pore con-
fined metal precursors in ZIF-8.% For example, Fe(acac);
(molecular diameter, =9.7 A), as the Fe single-atom source,
was trapped inside the ZIF-8 pores (pore diameter, =11.6 A)
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via a solution-coprecipitation approach using zinc nitrate and
2-methylimidazole, as building units, with Fe(acac);.% Then,
thermal conversion of the MOF was performed at 900 °C under
Ar atmosphere. During this process, migration and agglomera-
tion tendency of Fe species is hindered by the uncoordinated
N atoms, evolved by evaporation of Zn nodes, which leads to
stabilization of isolated single iron atoms in N-doped carbon
framework with Fe loading up to 2.16 wt%. In a similar study,
Ni single atoms were generated and distributed in nitrogen-
doped porous carbon by employing ZIF-8 to confine Ni single-
atom source (Ni(NOs),).[%#"]

Posttreatment with a Stabilizing N Source: The coordinating
and stabilizing effect of N is typically stimulated during the

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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pyrolysis of N-containing MOFs. Yet, concurrently, the inherent
N sites in MOFs are gradually lost from the template at high
temperatures due to CN decomposition, leading to a low N
content in the as-prepared single-atom carbonaceous frame-
work and limiting the single-atom metal loading (<10 wt%).
In this regard, posttreatment of MOF with external stabilizing
nitrogen source emerges as an alternative route for enhancing
the single-atom sites content.[® As a proof of concept, by
pyrolyzing a nitrogen-free Cu-MOF (Cu(BTC)(H;0);) with
dicyandiamide (external N source), Li et al. prepared ultrathin
nitrogenated carbon nanosheets hosting high amount of single
Cu atoms (Cu-N-C) (20.9 wt%). During the process, abundant
N atoms in dicyandiamide were reported to capture the Cu
atoms in the MOF, establish a strong coordination and stabilize
them in the carbon matrix. Control experiments revealed that
only 200-300 nm sized Cu microspheres could be obtained in
Cu-C without the protection and stabilization of the N atoms
in dicyandiamide. Moreover, 1D structure of the parent MOF
was transformed into 2D structure via the reaction of dicyandi-
amide with the carboxylic acid groups in the trimesic acid pre-
cursor, further improving the active surface area.

NPs-to-Single-Atom Conversion: Intrinsic ionic coordination
and pore-confinement strategy could endow carbon lattice with
single-atom sites depending on: i) coordination or confinement
tendency of single-atom sources to the parent MOF, ii) intrinsic
stabilization capability of decomposed MOF during pyrolysis
(via defect-rich structure, e.g., uncoordinated N sites, vacan-
cies), and iii) pyrolysis temperature. However, previous reports
revealed that single-atom to NPs transformation is very sensi-
tive to the selection of MOF functional groups, linkers, and
adjustment of pyrolysis temperature.[01263c€l Thus, instead of
impeding single atoms to NPs aggregation, reverse top-down
processes can be explored to break down the NPs into single-
atom sites.%®! In this area of research, the pioneering work
reported by Fan et al. revealed that electrochemical cyclic-poten-
tial activates formation of isolated single Ni atoms from Ni
NPs within graphitic carbon.[®® Pyrolysis of Ni-MOF at 700 °C
in nitrogen (N,) atmosphere generated Ni NPs encapsulated
in graphene layers (Ni@C). After removal of redundant Ni
metal by HCI treatment, remaining small Ni NPs were atom-
ized into single atoms by electrochemical constant-potential
and cyclic-potential activation. Recently, Wei et al. demonstrated
a controlled pyrolysis process to downsize various noble-metal
NPs (Pd, Pt and Au) embedded in ZIF-8 into single atoms
(Figure 6a—d).°®! They unveiled that thermodynamically stable
coordination of Pd with N defects, which emerge during col-
lapse of CN in ZIF-8, favors atomization process over sintering
at high temperatures. In the NPs to single-atom site transforma-
tion process, ZIF-8 decomposes during pyrolysis and generates
N-rich defects, which strongly capture the mobile metal atoms
detached from NPs and prevents from Pd—Pd bond formation
since atomization is dominant over sintering at high tempera-
tures (=900-1000 °C) due to sufficient energy input to over-
come the kinetic barrier for single-atom formation. Uniform Pd
distribution was confirmed by EDX studies (Figure 6e), atomic
dispersion of Pd atoms in the sample was directly observed by
high-resolution HAADF-STEM (Figure 6f) and the coordination
environment was further verified by extended x-ray absorption
fine structure (EXAFS) measurements (Figure 6g).
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3.2. MOF-Derived Transition Metal Oxides, Chalcogenides,
Pnictides, and Nitrides

Labile coordination bonds between transition metal nodes (Cu,
Co, Fe, Mn, Cr, Zn, etc.) and organic ligands make MOFs prom-
ising precursors for synthesis of a variety of transition metal
derivatives, including metal oxides, chalcogenides, pnictides,
and nitrides. The nanostructured MOF derivatives are typically
obtained by calcining MOFs under reactive atmospheres (e.g.,
0,, NH3, NaH,PO, Se, S) or processing them with chemical
reagents through solvothermal/hydrothermal reactions. During
the transformation process, MOF decomposition is realized via
homogeneous coordination bond breakage by a virtue of weak
periodic interconnection of inorganic nodes with organic ligands,
which subsequently gives rise to chemical interactions under fea-
sible reactive conditions. In this respect, further understanding
of the thermal and chemical susceptibility of the coordination
chemistry allows rational transformation of the precursors into
desired functional materials with tailored physicochemical prop-
erties such as bandgap, electrical conductivity, electron density,
and surface adsorption/desorption energy. Particularly, nanoscale
heterointerface generation and surface atomic arrangement
through these transformation processes offer unprecedented
electronic structures, which could be advantageous in electro-
chemical energy storage and conversion processes.
Tranistion-Metal Incorporation: Incorporating additional tran-
sition metal atoms into the host MOFs not only introduces a
synergistic effect due to cooperation of the different metal func-
tionalities but also unveils heterointerfaces that offer exceptional
electronic effects beneficial for mass and electron transfer, which
is not attainable in the monometallic host MOF nanostructures.
MOFs containing different type of metal centers can be synthe-
sized via various strategies such as: i) substitution of parent metal
nodes with metal ions possessing the same valency, ii) confine-
ment of guest metal functionalities in the MOF cavities, and iii)
ion-exchange reactions.'>*®’l These facile synthetic modulations
have inspired the design of multitopic MOFs for intrinsic transi-
tion metal incorporation to the MOF derivatives, offering great
opportunities for rational functionalization of MOF derivatives.
To date, mixed metal derivatives have been readily obtained
through processing the transition metal doped MOFs due
to existence of various metal species in the framework.[®]
For example, Weng et al. have demonstrated a MOF-based
strategy for incorporation of W into CoP by employing Hof-
mann-type Co and W containing MOF nanowires (CoW-MOF)
(Figure 7a—c).[%%] The parent MOF, synthesized via the solid—
liquid reaction of Co-MOF with (Bu3N);W(CN)g, was reported
to possess bipyridine (connecting adjacent Co atoms) and cya-
nide (connecting Co with W atom) ligands connecting the metal
nodes. CoW-MOF was then converted into W and Co decorated
carbon precursor by annealing under inert atmosphere, and
subsequently phosphorized into CoWP at 400 °C via a typical
phosphorization process, in which NaH,PO, decomposed under
N, and reacted with the MOF precursor. Presence of sulfur
in Co-MOF, and nitrogen in Co-MOF and cyanide resulted
in dispersion of CoWP in N- and S-doped carbon nanowires
(S-CoWP@S,N-C) (Figure 7d). Moreover, it was proposed that
the MOF synthesis approach offers opportunities for preparation
of similar MOF structures by replacing the metals by other

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

a ntermediates |

Pd-nanoparticles@ZIF b |

Pd nan&paﬂ»cle } %
+ Zn

2-Methylimidazole o
+

zn? +

www.advancedscience.com

Pd single atoms

100 nm

Overlap

g 18
PdK -edge Pd-Pd = Pd-NPs
15 - - Pd-SAs
Pd-N Fitting
S5 121 #
© L )
S 1
g‘ 9 A 3
2 I
s 1 x1/3
£ 61 4
3 v - /

3 4 5 6
R(A)

Figure 6. a—d) Schematic illustration for the Pd NPs to Pd single atoms (Pd-SAs) transformation process along with the HAADF-STEM and high-
resolution HAADF-STEM (insets) images of the intermediates. e) EDX elemental mapping revealing the uniform distribution of Pd and N on the
ZIF-8-derived carbon support. f) High-resolution HAADF-STEM image showing the atomic dispersion of Pd atoms. g) EXAFS spectra for Pd NPs and
Pd-SAs to confirm the atomic dispersion of Pd atoms. a—g) Reproduced with permission.l¢®l Copyright 2018, Springer Nature.

transition metals with the same coordination numbers as Co
and W (e.g., Ni, Cu replacing Co and Mo replacing W), making
it a generic method for designing a number of transition metal
incorporated MOF derivatives. On the other hand, it is pos-
sible to dope alien transition metal atoms by designing MOF@
MOF structures that could integrate dissimilar ligands and
metal nodes. Recently, ZIF-67@CoFe-PBAs were synthesized by
leveraging the Co metal nodes in ZIF-67 through a partial ligand
exchange reaction (Figure 7€).1%d When Co-based ZIF-67 nano-
plates were immersed in K,[Fe(CN)g] aqueous solution at room
temperature, the imidazole ligands of ZIF-67 were exchanged
by the Fe(CN)g, giving rise to a steady growth of the CoFe-PBAs
nanoparticles on ZIF-67 nanoplates. Finally, ZIF-67@CoFe-
PBAs were chemically transformed into mesoporous Fe incor-
porated CoP hollow triangular plate arrays (Fe-CoP HTPAs) by
high temperature phosphorization treatment using NaH,PO, as
the P source. Similarly, M-doped CoP (M = Ni, Mn, Fe) hollow
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polyhedron frames (HPFs) were prepared from ZIF-67 to tailor
intrinsic properties of CoP (electronic structure and d-band
center) for electrocatalytic HER.I%8d Metal precursors (Ni(acac),,
Mn(acac), and Fe(CsHs), with molecular diameter of 5.4, 5.6,
and 3.6 A, respectively) were encapsulated by the ZIF-67 cages
(pore and cage diameter of 3.4 and 11.6 A, respectively) by a
coprecipitation reaction. The encapsulated metal precursors
were strongly confined in the framework since the molecular
diameters of the metal precursors are smaller than the pore size
of ZIF-67. After posttreatment processes, Ni, Mn, and Fe incor-
porated CoP HPFs were formed, in which the metal loadings
were determined as 0.4, 0.77, and 1.41 wt%, respectively.
Although most of the MOF-assisted transition metal incorpora-
tion-based studies have employed inherent MOF metal as the
host and the alien metal as the incorporated metal in the MOEF-
derived nanostructures, MOFs can also be tuned to selectively
utilize the alien metal as the host in the same MOF derivatives

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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polyhedron. Reproduced with permission.[%8] Copyright 2018, Wiley-VCH.

via ion exchange reactions under appropriate conditions.[©3>¢]
For example, recently, Su et al. designed Ru-exchanged Cu-BTC
(HKUST-1) derivative through an ion-exchange reaction, where
Cu in Cu-BTC polyhedrons underwent a cation exchange pro-
cess with Ru when RuCl; solution was added into the parent
MOF solution (Figure 7f).[%"] Taking the advantage of the large
pores, open framework structure and weak coordination bonds,
high degree of metal replacement was attained with a Cu to Ru
elemental ratio of 1:10.65. Subsequently, Ru-exchanged MOF
derivative was decomposed and converted into Cu-doped with
high index faceted RuO, nanoparticles by calcining in air.

3.3. Physicochemical Modification of MOF Derivatives

Nanostructures with high surface areas and porosities are
promising in both energy and environmental applications. In
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this sense, physical properties of the MOF derivatives are of par-
ticular importance for developing high performance functional
materials, which is directly related with the design of parent
MOF structures. Chemical coordination affinity of metal nodes
to numerous organic ligands in MOFs offers extensive design
possibilities, thus allowing exquisite manipulation of both
MOFs and MOF-derivatives properties. Considering the poten-
tial effect of metal node and ligand design on the structural and
compositional properties of MOF-derived materials, the relation
between the MOF precursors structural properties and MOEF-
derivative physicochemical properties has been investigated by
judiciously selecting metal clusters and organic linkers at mole-
cular level.”% To corroborate this proposition, Zn-based MOFs
with different organic ligands have been particularly designed
due to low boiling point of metallic Zn species. Aiyappa et al.
studied the effect of ligand characteristics of the parent MOFs
on the MOF-derived carbons by synthesizing Zn-based MOFs
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with various organic ligands." Carbons transformed from
organic ligand containing MOFs exhibited good degree of
rigidity and retained the original MOF morphology, while car-
bons derived from flexible linker containing parent MOFs
decomposed in a disordered fashion. Formation of abundant
pores due to evaporation of Zn from the carbon phase yielded
carbon materials with tunable surface areas depending on the
Zn content of parent MOF. Similar phenomenon was reported
in Cd-based MOFs, where carbon materials with tunable sur-
face areas were prepared by evaporating Cd (boiling point =
767 °C) from MOFs, which were synthesized using different
ligands.”*l Importantly, these studies emphasized the role
of tunable carbon materials in energy storage and gas separa-
tion processes. Besides the design of MOF-derived materials
via ligand change, it is possible to prepare MOF-derivatives
with controlled particle sizes and surface areas via changing
the metal precursor salts. The pioneering work reported by
Yamauchi's group demonstrated the effect of metal salt choice
on size and surface area of ZIF-8- and ZIF-8-derived carbon
materials.”%! Lower surface area nanosized (=50 nm) and
higher surface area microsized (=2 pm) ZIF-8 particles were
synthesized by employing Zn(NO;), and Zn(CH;COO), salts,
respectively. Formation of ZIF-8 crystals with different particle
sizes was attributed to the nucleation rate difference, which is
determined by the solvation rate and interaction of the salt ions.

Apart from the alteration of MOF nodes and linkers to elabo-
rate MOF-derivatives with superb physical properties, fabrica-
tion of robust self-supported MOF-derived nanostructures is also
an effective way to improve these properties. Integrated self-sup-
ported nanostructures are of particular importance in mass and
charge transport related processes since they offer large active
areas and facile electrolyte/solution access pathways by elimi-
nating the use of binder and conductive additives that cause
undesired nanoparticle aggregation and dead volume prob-
lems. Recently, our group employed nickel carbonate hydroxide
(NiCH) and cobalt carbonate hydroxide (CoCH) as coordinative
templates to initiate nucleation and 3D interpenetrated growth
of NiFe-PBAs and CoFe-PBAs, respectively, by a kinetically
controlled room temperature crystallization process.’*l Spe-
cifically, thermal transformation of NiFe-PBA@NiCH with Se
powder unveiled tenaciously bridged and robust selenide phase
elaborated with rich unsaturated sites due to dehydroxylation/
carboxylation of underlying carbonate hydroxide substrate
during the thermal decomposition, indicating the key roles of
substrate as nucleation, growth and defect generation medium.
The as-designed interpenetrating structure featured abundant
unsaturated atomic sites, porous morphology, high conductivity,
and high surface area, and thus served as an efficient bifunc-
tional electrocatalyst for overall water splitting.

4. Energy-Related Applications

4.1. Electrochemical Energy Conversion

Advance in electrochemical technologies, including water-
splitting, metal—air batteries and fuel cells, is an indispensable
requirement to meet the ever-growing future energy demand
since they offer sustainable and clean energy that could
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diminish the fossil-fuel dependency and global warming.l”!l

Fundamentally, advancement in these technologies is directly
related to the development of electrocatalysts that play deci-
sive role on the performance of core electrochemical reactions,
such as the HER, oxygen evolution reaction (OER), ORR, etc.,
taking place in the electrochemical energy conversion devices.
However, the electrochemical reactions (specifically, OER and
ORR) generally exhibit sluggish reaction kinetics, necessitating
the use of electrocatalysts with high activity yet long-term sta-
bility to overcome the high energy barriers at low overpoten-
tials. Until now, MOFs have gained revived interest in the
field of electrocatalysis. Morphological engineering of MOFs
toward synthesis of complex nanostructured electrocatalysts
(e.g., single-shelled hollow structures, multishelled hollow
structures, yolk—shell structures) have been widely reported so
far.”2l Abundant accessible active sites and facile mass/charge
transport pathways have endowed MOF-based electrocatalytic
materials with exceptional electrochemical properties.’? Simi-
larly, intrinsic atomic and compositional engineering of MOFs
have also been claimed to boost electrocatalytic performance. At
this point, recent progress should be provided about the essen-
tial insights on the atomic- and molecular-level structural engi-
neering strategies to improve electrocatalytic activity of MOFs
and MOF derivatives, which will be discussed in this section.

HER: H, is regarded as an ideal future energy carrier since
it exhibits a high gravimetric energy density with zero carbon
emission.”3] Hence, the design of electrocatalytic materials
for hydrogen evolution and understanding of the underlying
mechanisms play pivotal roles on advancing the future energy
systems. Theoretically, each HER mechanism is initiated by the
Volmer reaction for electrochemical adsorption of hydrogen
atom (H*), which is then followed by H, desorption step via
either Heyrovsky reaction or Tafel reaction. In acidic condi-
tions, the HER activity is mainly determined by the interaction
strength between the catalytic surface and H*, which is quan-
tified by the adsorption free energy of hydrogen (AGy). AGy
should be sufficiently strong for facile surface adsorption and
desorption processes, corresponding to a value close to 0 on
the volcano plots as suggested by the Sabatier principle.’* Pt
is located close to the apex of the volcano plot with an almost
zero AGy, thus it is considered to be the benchmark HER
electrocatalyst.7#>dl Although electrocatalysts are commonly
evaluated in acidic electrolytes for HER, alkaline conditions are
also very desirable considering the milder electrolyte environ-
ment and high activity of OER electrocatalysts in basic elec-
trolytes in case of overall water splitting. However, in alkaline
conditions, the origin of electrocatalytic activity is correlated
not only with AGy but also with dissociation kinetics of water,
which does not exist in acidic conditions.”*! Thus, highly active
electrocatalysts in acidic electrolytes, such as benchmark Pt,
may not achieve similar activity in alkaline conditions. In this
regard, structural and electronic properties (crystallinity, d-band
center position, work function, Fermi level, etc.) of electrocata-
lysts can be rationally tuned manipulate the adsorption ener-
getic of surface and activation energies.

Both pristine MOFs and their derivatives have been engi-
neered to optimize the adsorption free energy of reaction inter
mediates.[#850:542.63¢,662,76] [ 41y and co-workers reported that the
optimized H,0O adsorption energy (AGy,o) and AGy could be

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. The calculated free-energy diagram for a) water and b) hydrogen adsorption on different catalysts. ¢) HER polarization curves and
d) corresponding Tafel plots of the catalysts in 1m KOH. e) HER polarization curves and f) corresponding Tafel plots of catalysts in 0.5m H,SO,.

a—f) Reproduced with permission.I768l Copyright 2019, Wiley-VCH.

obtained by modulating charge distribution via partial transfor-
mation of MOF into phosphide, which boosts the activity of the
phosphide phase and makes it a highly efficient pH-universal
electrocatalytic material.”®8 Partial transformation of N-con-
taining Co-MOF into CoP with intact interface over N atoms
stimulates interfacial electron transfer to the Co atoms in CoP
due to stronger electronegativity of N atoms in Co-MOF. The
resulting hybrid hosts Co atoms with altered electronic states of
d-orbital, entailing more optimal AGyy,o and AGy (Figure 8a,b).
As a result, Co-MOF@CoP exhibited excellent HER perfor-
mance over the full pH range by requiring overpotentials
of only 49, 34 and 27 mV in 1 m PBS, 1 M KOH, and 0.5 m
H,S0, to reach —10 mA cm™2, respectively (Figure 8c,e). More-
over, favorable kinetic process of the Co-MOF/CoP at different
pH values was further confirmed by low Tafel slopes of 63,
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56, and 43 mV dec™' in 1 M PBS, 1 M KOH, and 0.5 m H,SO,,
respectively, which are comparable to Pt/C (Figure 8d.f). Simi-
larly, taking the advantage of inherent Co atoms, low-boiling
point Zn atoms and high N content, ZIF-67@ZIF-8@rGO
was rationally designed to obtain 0D Co nanoparticles tightly
encapsulated by in situ formed 1D-N-doped CNTs, forming
Co@N-CNTs.% DFT calculations unveiled that Co@N-CNTs@
rGO assures optimal hydrogen atom adsorption with a AGy
value near to zero (0.16 eV). Further theoretical calculations
revealed that the Co/C contact and nitrogen dopant transforms
the carbon layer into n-type-doped to modify the m-conjugated
system of C and redistribute the charge density of the Co@C-H
system. The optimized electrocatalyst afforded a low overpoten-
tial (108 mV at =10 mA cm™?) and a high stability with a low
Tafel slope (55 mV dec™!) in 1 m KOH solution.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Recently, MOF-derived single atom catalysts have been
regarded as a new frontier in the electrocatalyst platform
since they offer advantages of high activity and durability
because of the maximum atom utilization, strong electronic,
and covalent interaction between the monodispersed metal
atoms and inherent carbon/nitrogen atoms, and high electrical
conductivity.®3¢77] Taking UiO-66-NH, as an example, Chen
and co-workers designed a stable and highly active HER elec-
trocatalyst by transforming W impregnated MOF into N-doped
carbon decorated with single tungsten atoms (W-SAC). W-SAC
required a low overpotential (85 mV) to reach a current density
of =10 mA cm™2, and exhibited small Tafel slope (53 mV dec™!),
high turnover frequency (6.35 s~ at the overpotential of 120 mV)
and robust operation (no appreciable activity degradation after
10 000 CV cycles), which are close to that of the commercial
Pt/C in 0.1 v KOH. DFT calculations indicated that C atom
close to N atom ensures the most favorable hydrogen atom
adsorption site with the lowest AGy value of 0.033 eV. Differ-
ential charge density (Ap) and DOS calculations further clari-
fied that single W atoms induce charge transfer through the
W d-orbital and lead to an increase in the electron density on
the C atoms, thus promoting stronger proton adsorption on the
catalytic surface that eventually lowers the AGy.

In the aforementioned literature, MOFs are treated at high
temperatures to be partially or entirely transformed into MOF-
derivatives or MOF/MOF-derivative hybrids. Indeed, pristine
MOFs can be well utilized as electrocatalytic materials by
leveraging the abundant inherent molecular metal centers,
high porosities, and high surface to volume ratios.”®! How-
ever, MOFs generally exhibit poor electrical conductivities
(=107® S m™), which hinder their efficiencies in essential
charge transfer kinetics during the electrocatalytic processes,
thereby lowering their overall catalytic activity.”®7% In this
regard, Duan et al. rationally designed an ultrathin (thickness
= 3.5 nm) yet large (lateral size > 100 nm) and conductive
(1£02 x 103 S m™) 2D NiFe-MOF nanosheet structure to
manifest greater fraction of catalytic active sites that is hardly
accomplishable in 3D counterparts, as supported by electro-
chemically active surface measurements.’®d High conductivity
of the 2D NiFe-MOF was ascribed to the defective 2D nano-
structuring process since it inherently entails topologically
defects in form of vacancies due to terminated coordination in
ultrathin 2D structure, which modifies the carrier concentra-
tion of metal octahedral units in the MOF and allows a supe-
rior electron transfer process, thus improving the electrical
conductivity. 2D NiFe-MOF nanosheets achieved a good HER
activity with a low overpotential of 134 mV at the current den-
sity of 10 mA cm™2 and a high turnover frequency (2.8 s! at the
overpotential of 400 mV) in 0.1 v KOH.

OER: OER plays a dominant role in determining the effec-
tiveness of key electrochemical energy storage and conversion
technologies, including fuel cells, metal-air batteries, and water
electrolyzers. However, water oxidation to molecular oxygen
possesses a four-step complex reaction pathway with sluggish
reaction kinetics on most of the electrocatalysts, significantly
hampering further development of these technologies.®"! Theo-
retically, from thermodynamic point of view, an ideal catalyst
should possess a AG of 1.23 V at standard conditions (pH 0,
T = 298.15 K), while real catalysts exhibit larger AG values
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since the OER process is basically hindered by the nonoptimal
OH*—0*— OOH* intermediates adsorption/desorption ener-
gies, resulting in large overpotentials and unfavorable reaction
kinetics.®% In this regard, MOF structures have been ideal
platforms to investigate the electronic properties of various
adsorption sites through theory and experiments due to their
highly tunable bonding arrangements and diverse coordination
network constituents, which could unveil structure-OER per-
formance relationships at the atomic level.[8!]

Particularly, multitopic MOFs, MOFs with different type of
metal centers, have been designed to explore the bimetallic/
trimetallic coupling effect on the electronic structure of the
adsorption sites for OER.B1><8] Wang et al. designed a series of
Fe3(u3-0)(CH;3;CO0)4(H,0);-based metallic clusters by substi-
tuting an iron atom in Fe; by a secondary metal atom (M: Fe, Co,
Ni, and Zn) with a similar radius.®'8l The bimetallic clusters
were then bridged by biphenyl-3,4’5-tricarboxylic acid (BPTC)
ligands to obtain isostructural Fe;-BPTC (NNU-21), Fe,Co-
BPTC (NNU-22), Fe,Ni-BPTC (NNU-23), and Fe,Zn-BPTC
(NNU-24) MOFs (Figure 9a). All the pristine heterometallic
Fe-based MOFs realized better OER activity than the corre-
sponding monometallic counterparts (Figure 9b). Among them,
Fe,Ni-BPTC (NNU-23) exhibited the best OER performance
with the lowest overpotential (365 mV at 10 mA cm2), smallest
Tafel slope (72.2 mV dec™!), and highest ECSA (5.10 mF cm™2)
and TOF (0.03 s7! at 400 mV) values in 0.1 v KOH. It was fur-
ther corroborated by the spin-polarized DFT calculations that
compared with Fe; cluster, Fe,M clusters strengthen the weak
adsorption of oxygen intermediate (O*) on the active Fe site and
lower the AGg«. Moreover, DOS calculations further provided a
deeper insight into the effect of secondary metal atom substitu-
tion on catalytic performance by revealing that d-band center of
the Fe,Co, Fe,Ni, and Fe,Zn clusters are closer to the Fermi level
than that of Fe; cluster, which enhances the binding interaction
between the adsorbate and catalyst (Figure 9c). Besides the type
of secondary metal atom, the effect of loading content on the
synergistic interactions of the heteroatoms and the electronic
structure of adsorption surfaces was also investigated for OER
using pristine MOFs and its derivatives.®>< For example, Zhou
et al. designed isostructural MOFs, [NH,(CHj3),][M3(u3-OH)
(H,0)3(BHB)], by altering the composition of trinuclear hetero-
metallic carboxylate clusters (Mj: Coj, Co,Ni, CoNi,, Nij;).Bld
Compared with Co,Ni-MOF and monometallic MOFs (Ni;-
MOF and Co3-MOF), CoNi,-MOF displayed a superior OER
performance with an ultralow overpotential requirement of 240
mV to afford a current density of 10 mA cm™2 in 0.1 m KOH,
being even lower than that of the benchmark RuO,. Moreover,
the Tafel slope of the CoNi,-MOF (58 mV dec™!) is smaller than
that of the Co,Ni-MOF (81 mV dec™!), Ni;-MOF (127 mV dec™}),
Cos-MOF (92 mV dec™), and RuO, (62 mV dec’!). On the
basis of electrochemical tests, substituting one Ni atom by Co
in trinuclear monometallic Ni carboxylate clusters (Ni;-MOF)
improves ECSA and electrical conductivity. From the theoretical
point of view, the excellent activity of CoNi-MOF was ascribed
to the shift of the d-band center to a higher energy level and
optimized intermediate adsorption with the incorporation of Ni
metal atoms. These examples clearly highlight the prominent
function of atomically designed MOFs on the fundamental
understanding of the energetics of the OER.

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. a) Framework of NNU-21-24 connected by trinuclear metal clusters and tridentate carboxylate ligand. b) OER polarization curves recorded
in 0.1 m KOH. c) Projected density of states for NNU-21-24. a—c) Reproduced with permission.l'8l Copyright 2018, Wiley-VCH. d) Illustration of the
design strategy for heterogeneity A, ;B-MOF-FeCo ¢ catalyst preparation. €) SEM and f) TEM images of A, ;B—-MOF-FeCo, 4. g) OER polarization
curves obtained at a scan rate of 5 mV s7'. Corresponding h) Tafel plots and i) capacitive currents as a function of the scan rate for various catalysts
measured in 1 M KOH. d—i) Reproduced with permission.[8'a Copyright 2018, Wiley-VCH.

Apart from the metal nodes, the versatility of the organic
linkers also facilitated the research on the synergistic interaction
of mixed linkers. In this respect, a heterogeneity MOF A, -B-
MOF-FeCo, 4 was designed at the atomic and molecular level
by introducing mixed metal (Fe and Co) and organic linkers
(A: terephthalic acid and B: 2-aminoterephthalic acid) into the
original MIL-88B (Figure 9d—f).13 The A, ;B-MOF-FeCo ¢ elec-
trode displayed a very low overpotential (288 mV dec™! to drive
10 mA cm™2), a small Tafel slope (39 mV dec™), a high double-
layer capacitance (Cg) (2.71 mF cm™) and a high TOF (0.46 s7!
at an overpotential of 300 mV) in 1 M KOH, exceeding the OER
activity of A-MOF-FeCo;¢ and B-MOF-FeCo,¢ (Figure 9g-i).
Spectroscopic and first-principle calculations further unveiled
that the electron density in the 3d orbital of Co atoms in A, ;B-
MOF-FeCol.6 increases with linker substitution and becomes
more delocalized, which can efficiently trigger the rate deter-
mining step for the formation of OOH* intermediates.
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Defect engineering of MOFs is another powerful technique
to manipulate the OER catalytic activity.>**#14¢l For example,
in the pioneering work, Zhao et al. demonstrated that ultrathi-
nning of NiCo-MOF endows the 2D structure with abun-
dant coordinatively unsaturated sites, eventually leading to
a substantial improvement in OER activity.®'dl They reported
the synthesis of ultrathin NiCo bimetal-organic framework
nanosheets (NiCo-UMOEFNs) from benzenedicarboxylic acid
(BDC) type linkers. The electrode displayed an excellent elec-
trocatalytic OER performance with an overpotential of 189 mV
at a current density of 10 mA cm~2, a Tafel slope of 42 mV
dec? and TOF of 0.86 s (at 300 mV overpotential) in 1 m
KOH solution, exceeding the performance of its isostructural
Co-UMOFNs and Ni-UMOFNs counterparts and bulk NiCo-
MOFs. EXAFS analysis, XANES simulation, and DFT calcula-
tion further suggested that the high electrocatalytic activity orig-
inates from the coordinatively unsaturated nature of surface
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metal sites on NiCo-UMOFNs surfaces due to terminated BDC
ligands.

ORR: Proton-exchange-membrane fuel cell (PEMFC), which
directly converts the chemical energy of hydrogen and oxygen
into electricity, holds great promise as an energy conversion
device due to its high conversion-efficiency, zero carbon foot-
print, high reliability, simple design, and portable applica-
tions.®2 While the hydrogen oxidation reaction (HOR) taking
place at the anode side is rather fast and efficient, ORR at the
cathode generally suffers from sluggish reaction kinetics, high
overpotential, and low electrocatalyst stability, resulting in
considerable loss in overall harvestable energy.®2#3 Platinum
group metal (PGM) catalysts are regarded as the benchmark
ORR electrocatalysts, yet they are the costliest component
of the cell accounting for as much as 34% of the total cost of
the PEMFC according to a U.S DOE estimation.[#283] Recent
studies suggested that low-cost carbonaceous electrocatalysts
co-doped with transition metals and nitrogen (M-N-C electro-
catalysts, where M: Fe, Co, Mn, Cu, or Ni) can be as active as
PGM electrocatalysts due to favorable oxygen adsorption and
O—O0 bond breakage characteristics, and they exhibit higher
stability.*d84 Traditional strategy for preparation of M—N-C
electrocatalysts includes pyrolysis of physically mixed carbon,
nitrogen, and transition metal precursors. However, this pro-
cess is usually uncontrollable over molecular structure and
morphology, leading to formation of metallic clusters/NPs,
uneven distribution of elements and aggregated morphologies,
which greatly reduces not only the accessible surface area but
also the number of active catalytic sites.>*%5 In this respect,
MOFs are exceptional precursors for controllable synthesis of
M-N-C electrocatalysts with uniform elemental distribution
and abundant active catalytic sites.

Among the M-N-C electrocatalysts, Fe—-N—C electrocatalysts
elaborated with Fe-N, site are the best performing ones, exhib-
iting ORR activities comparable to Pt/C in both alkaline and
acidic electrolyte.®* Chen et al. investigated the role of FeN,
on ORR activity by performing complimentary control experi-
ments using MOF precursor and first-principle calculations. 43
It was demonstrated that high activity originates from the
facile electron transfer from single Fe atoms in the specific
FeN, configuration, accelerating the rate determining *OH
to OH~ formation step on Fe-N-C catalysts. To synthesize
Fe-N-C electrocatalysts with uniform distribution and high
Fe content, ZIFs and MOFs have been rationally engineered
by incorporating Fe atoms through intrinsic ionic coordina-
tion and pore confinement strategies, or postprocessed to trap
Fe atoms with the help of intrinsic N atoms.[61¢6264286] For
instance, Fe-N-C catalysts were synthesized via coordinating
Fe atoms with ligands in Zn-based imidazolate framework and
subsequently converting them into porous Fe- and N-doped
carbon materials through thermal activation.®l The optimized
catalyst exhibited a half-wave potential (E; ;) of 0.85 V in 0.5 m
H,SO,, only 30 mV lower than Pt/C catalysts (0.88 V in 0.1 m
HCIO,) with a negligible H,0, yield (less than 1%). Deng and
co-workers demonstrated a gaseous doping strategy to prepare
N-doped carbon polyhedron catalysts embedded with single
Fe atoms for Fe-N-C catalysts (Figure 10a).8¢ It was reported
that single Fe atoms existing in the form of FeN, configura-
tion (C-FeZIF-1.44-950) trigger the ORR activity of N-C in both
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alkaline and acidic electrolyte. E;;, of 0.864 V was achieved in
0.1 m KOH that is 50 mV higher than that of commercial Pt/C,
and Ejj, of 0.78 V was recorded in 0.1 m HCIO,, 60 mV less
than that of Pt/C catalyst (Figure 10b,c).

ORR activity of M—N-C electrocatalysts generally follows the
trend of M: Fe > Co > Cu > Mn in both alkaline and acidic
electrolytes. Although Fe-N-C has been the most promising,
M-N-C catalysts with Co, Mn and Cu have recently gained
interest due to high catalytic activity of Fe toward Fenton reac-
tions, where H,0, is decomposed and side products such as
hydroxyl and hydroperoxyl radicals are generated causing to a
decrease in ORR activity of the Fe-N—C catalyst and degrada-
tion in PEMFC polymer.®”] For example, a series of Co-N-C
catalysts, containing Co species in form of NPs (Co-NPs@
NC), atomic clusters (Co-ACs@NC) and single atoms (Co-
SAs@NC) in N-doped carbon, was proposed to investigate the
size-dependent catalytic properties via rationally adjusting the
spatial concentration of Co and Zn atoms in BMOF.[!¢] Elec-
trochemical tests revealed that Co-SAs@NC exhibits superior
catalytic activity (E;;,: 0.82 V in 0.1 m KOH), faster reaction
kinetics (kinetic current density: 15.2 mA ¢cm2) and lower per-
oxide generation (below 3%) than Co-NPs@NC and Co-ACs@
NC in alkaline media. Li and co-workers studied transformation
of CuBTC MOF into Cu-N-C via external nitrogen stabiliza-
tion, and investigated the origin of ORR activity by analyzing
the molecular structure of Cu-N-C via spectroscopic charac-
terizations and DFT calculations.l®”) Cu-N-C exhibited better
stability and a more positive Ey;, (0.869 V) than Pt/C (0.838 V)
with a similar H,0, yield and electron transfer number
(n: 3.97), indicating excellent performance of the Cu-N-C
toward ORR in 0.1 v KOH (Figure 10d—g). DFT calculations
further revealed that Cu-N, offers favorable sites for optimum
0O, and OOH adsorption; while Cu-N, and Cu-free N-C pos-
sesses relatively weak O, and OOH adsorption sites, which is
dissimilar to the Fe-N-C and Co-N-C catalysts, in which M-N,
has been mostly reported to be the most optimal ORR-active
site (Figure 10h,i). Recently, a MOF-based two-step Mn doping
and adsorption approach was proposed to prepare atomically
dispersed Mn sites in N-C electrocatalysts with high density
as a promising alternative to traditional Mn-N-C synthesis
routes that lead to Mn aggregation in the carbon framework.®’]
Mn-N-C exhibited an Ejj, (=0.80 V), which is higher than
Co-N-C, comparable to Fe-N-C and 60 mV less than that
Pt/Cin 0.5 M H,SO,. DFT calculations indicated that MnN,C;,
is the most optimal site that thermodynamically and kinetically
promotes the four-electron transfer pathway with optimum
activation energies.

CO, Reduction Reaction: Electrochemical CO, reduction
reaction (CO,RR) offers a promising opportunity to convert
the most detrimental greenhouse gas into useful renewable
fuels and value-added chemicals, greatly contributing to the
environmental remediation and energy generation. It follows
energetically and kinetically unfavorable multistep processes,
including two-, four-, six-, eight-, or twelve-electron pathways
for production of a variety of carbon-based compounds such
as CO, HCOOH, HCHO, HCOOH, CH;0H, CH,, C,H, and
C,HsOH. To date, active sites of pristine MOFs and MOF-
derivatives for CO,RR have been investigated and modulated
to synthesize electrocatalysts with high Faradaic efficiency
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Figure 10. a) Synthesis strategy for preparation of Fe-N—C catalysts. b,c) ORR polarization curves of various catalysts in O,-saturated b) 0.1 m KOH
and c) 0.1 M HClO,. a—c) Reproduced with permission.[®¢l Copyright 2019, Wiley-VCH. d) ORR polarization curves and e) kinetic currents (J) (at 0.85 V)
and half-wave potentials for Cu—N-C, N-C and Pt/C catalysts in Op-saturated 0.1 m KOH solution. f) Electron transfer number (n) and H,0O; yield for
Cu-N-C and Pt/C. g) i~t curves of Cu—-N-C and Pt/C for 10 000 s at a constant potential. Calculated free-energy diagram for ORR on h) Cu-N, and
i) Cu—N, active sites. The inset structures represent the optimized structures of Cu-N, and Cu—N,. The yellow, blue, and light pink balls represent
carbon, nitrogen, and copper atoms, respectively. d—i) Reproduced with permission.[%* Copyright 2018, The Royal Society of Chemistry.

(FE), selectivity, and long-term stability. Among pristine MOFs,
metalated porphyrinic MOFs have been demonstrated to pos-
sess intrinsic active sites toward CO,RR.®8 In the pioneering
study, Kornienko et al. synthesized a series of MOFs films by
designing the porphyrin units with different metal centers
[Al,(OH),TCPP-M’, where M’: Zn, Cu, and Co].® Among
them, MOF with cobalt-metalated porphyrin units exhibited
the highest activity for formation of CO with a FE of 76%,
Tafel slope of 165 mV per decade, a per-site turnover number
(TON) of 1400 and remarkable stability over 7 h. The same
units with modified the inorganic backbone [M,(OH),TCPP-
Co, where M: Al and In] still showed a remarkable CO, conver-
sion activity, signifying that porphyrin units are the active sites.
In situ spectroelectrochemical studies further suggested that
during the electrochemical process, Co(Il) centers are reduced
to Co(I) centers, which subsequently react with CO, to form
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CO, indicating that major CO,RR active sites in porphyrin
units are the Co(I) metal centers. While redox-accessible metal
centers have been reported to be the catalytic active sites for
CO,RR in most of the MOFs, ligands have been reported to
be optimal active sites in Zn-based MOFs due to fully occu-
pied 3d orbital of Zn (11).® Jiang and co-workers have recently
investigated the active sites for CO,RR by designing Zn-based
MOFs (ZIF-8, ZIF-108, ZIF-7, and SIM-1) with the same SOD
(sodalite) topology and different organic ligands.®%! In situ
X-ray absorption spectroscopy measurements and DFT calcu-
lations revealed that imidazolate ligands coordinated with Zn
(IT) centers are the active sites responsible for CO, conversion.
Considering this, a molecular design strategy was proposed to
boost the activity of catalytic sites of ZIF-8 via electron-donating
ligand doping.®%! Taking the advantage of labile bonds, a
strong electron-donating molecule of 1,10-phenanthroline was
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Figure 11. a) ZIF-A-LD synthesis strategy. b) Calculated Gibbs free energy diagrams for CO, electroreduction to CO on the sp? C atom sites in imida-
zole ligand of pristine ZIF-8 and ZIF-A-LD. c) CO partial current densities measured in CO,-saturated 0.1 m KHCOj3 solution for pristine ZIF-8/CB and
ZIF-A-LD/CB. a—c) Reproduced with permission.8%d Copyright 2019, Wiley-VCH. d) FEs and e) partial current densities for N-C, Co-N-C and Fe-N-C
catalysts measured in CO,-saturated 0.1 m KHCO;. f) Calculated Gibbs free energy diagrams for CO, electroreduction to CO on Fe-N—C and Co—N-C
under an applied electrode potential (U) of 0 V and —0.6 V. g) Initial and final states of CO,RR steps on M—N-C active sites. d—g) Reproduced with

permission.’ Copyright 2018, American Chemical Society.

introduced to the vacant Zn sites generated by thermal acti-
vation process of ZIF-8 (ZIF-A), the ligand doped product is
denoted as ZIF-A-LD (Figure 11a). Spectroscopic studies and
DFT calculations further elucidated that charge transfer is real-
ized from the ligand to the imidazole linker, entailing a charge
density increase on the sp? C atom from 3.702 to 4.884e",
and Gibbs free energy decrease from 1.2016 to 0.686 eV for
formation of *COOH on the same carbon atom sites in imi-
dazole ligand of ZIF-A-LD compared with that in pristine
ZIF-8 (Figure 11b). As a result, partial current density for CO
catalyzed by ZIF-A-LD/CB (CB: carbon black, to improve elec-
trical conductivity) reached a higher value than that by pristine
ZIF-8/CB (Figure 11c). Moreover, ZIF-A-LD-CB generated CO
with a high FE of 90.57% at —1.1 V and exhibited a Tafel slope
of 198 mV dec™!, which is superior to the CO,RR activity of
pristine ZIF-8/CB.

Apart from pristine MOFs, MOF-derived atomically dis-
persed M-N-C materials have been recently regarded as a
promising class of CO,RR electrocatalysts.*** For instance,
Fe-N, and Co-Nj, sites were generated by rationally designing
the metallic nodes of pristine ZIF before carbonization process.
Fe-N, sites were reported to possess a high current density
and FE (93%) for the production of CO, which is intrinsically
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more active than Co-N, (FE: 45%) and N-C (FE: 20%) sites
(Figure 11d,e). DFT calculations suggested that OH™ is strongly
adsorbed on C atoms with dangling bonds and *CO is adsorbed
on M centers during C=0 bond cleavage, making CO forma-
tion more favorable then H, formation (Figure 11f,g).’% In a
similar study investigating the effect of Co centers coordina-
tion number on CO,RR activity, Co-N-C catalysts with Co-N,,
Co-Nj and Co-N, were prepared by engineering of MOF-
derivatives during pyrolysis.l°"") Co-N, attained the best cata-
Iytic activity with the FE for CO formation as high as 94%, a
current density of 18.1 mA cm™ at an overpotential of 520 mV
and a TOF value of 18200 h™! at -0.63 V, exceeding the activity
of Co-Nj; (FE: 63%) and Co-N, (FE: <5%). The insight into the
electrocatalytic CO, conversion process gained by DFT studies
revealed that Co-N, sites ensures strong interaction with the
CO, "~ intermediate and inhibits H, formation.

Besides the electrocatalytic CO, reduction, photocatalytic
CO, reduction, CO, organic transformation (e.g., cycloaddition
with epoxides, oxidative carboxylation of olefins, and carboxyla-
tion of terminal alkynes) and CO, hydrogenation are alterna-
tive strategies for conversion of CO, into value-added products
and fuels over pristine MOFs and MOF-derived catalysts. Exten-
sive efforts have been devoted to exploring various atomic and
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molecular design strategies, including introduction of defects
and incorporation of coordinatively unsaturated metal nodes
and functional linkers, to improve frameworks’ CO, affinity
and CO, conversion capability.’!l MOF-based catalysts pos-
sessing abundant CO, accessible pores that are elaborated with
Lewis/Brensted acid sites as well as basic sites have exhibited
promising CO, conversion performances.’?l However, com-
prehensive discussion of these alternative strategies is beyond
the scope of this review and readers can refer to other review
papers on CO, capture and conversion.13]

4.2. Electrochemical Energy Storage

Rechargeable batteries, including lithium-ion batteries
(LIBs), sodium-ion batteries (SIBs), and lithium-sulfur
(Li-S) batteries, have been emerging energy storage options
due to revival in portable electronic devices and smart grid
technology. The specific capacities and redox potentials of
the anode and cathode materials have been the key features
governing the performance of batteries. Particularly, devel-
opment of anode materials for LIBs and SIBs has been an
ongoing effort to meet the market energy and power density
requirements as the conventional graphite anode possesses a
low theoretical capacity (372 mAh g™). Besides, small inter-
layer spacing of graphite anodes has been a predominant bot-
tleneck in SIBs limiting the insertion of larger-ionic-radii Na*
ion compared with Lit ion in LIBs.’Y To this end, pristine
MOFs have been studied as potential anode candidates due to
their high surface areas, intrinsic porous structure with large
size cages/channels and versatility for electrochemically active
functional group incorporation and defect introduction.®!
Yet, insulating nature and poor stability of pristine MOFs
have emerged as the main deterrence factors. Nevertheless,
transformation of rationally engineered pristine MOFs into
transition metal oxides, transition metal chalcogenides and
carbon-based materials with unique porous structures, com-
plex hollow morphologies and defective lattice has offered
considerably high specific capacities and stabilities.[#4F:54¢:94-96]
In particular, bimetallic cobalt- and iron-based oxides have
been developed from pristine MOFs modulated via heter-
oatom doping strategy (e.g., ZIF-67 (secondary Ni and Zn),
Co-BTC (secondary Ni), PBA, MOF-5 (secondary Fe), Fe,M—
MOFs (secondary Zn, Co, Ni, and Mn), etc.) to leverage the
synergistic interactions.[*£9] For example, Yamauch{i’s group
demonstrated that microporous Ni-doped Co/CoO/N-doped
carbon (NC) hybrid derived from Ni-Co-ZIF (Figure 12a,b)
shows an excellent electrochemical performance when used
as an anode material for SIBs benefitting from the syner-
gistic effects of Ni and N heteroatoms and carbon matrix.!*]
It was reported that: i) defect sites introduced by Ni and N
heteroatom dopants provide higher electrical conductivity
and additional electrochemical active sites for reversible Na*
ion insertion/removal and ii) microporous carbon network
emerged during decomposition of MOF organic linker sta-
bilizes the Co/CoO species, facilitates Na* ion transporta-
tion and enhances the structural integrity. Stemming from
this unique structure and chemical composition, Ni-doped
Co/CoO/N-doped carbon (NC) hybrid manifested a good rate
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performance with a high discharge capacity of 307 mAh g!
at a current density of 100 mA g™! (Figure 12c). Moreover, a
remarkable capacity retention as high as 87.5% was achieved
after 100 cycles at a high current density of 500 mA g~!. Simi-
larly, Chen et al. proposed a BMOF (Zn/Co)-based calcination
and self-etching strategy to prepare defective N-doped carbon
hollow tubules (CHTs) (Figure 12d) with large interlaying
spacing to ensure facile Na* ion transport.”*®! Decomposi-
tion of the atomically designed BMOF and self-etching of the
inner carbon core accompanied by the reduction of Zn and
Co at elevated temperature revealed a graphitic carbon struc-
ture elaborated with micro/mesopores, extended interlayer
spacing, extended lattice defects and N-doping (Figure 12e,f).
By a virtue of these merits, the CHTs exhibited a remark-
able rate capability with specific capacities of around 238,
200, 175, 157, 147, 138, and 128 mAh g! at current densities
of 1.5, 2.25, 3, 3.75, 4.5, 6.25, and 7 A g7!, respectively, and
excellent cycling stability without any capacity fading as pre-
sented in Figure 12g.

5. Environmental Applications
5.1. Gas Storage and Separation

With growing concerns over global warming, gas storage, and
separation have become a pressing issue for environmental pro-
tection. Considering the porosity and compositional tunability
of MOFs, their application as sorbents has attracted substantial
research interest. Key separation targets include carbon dioxide
(a significant contributor to the greenhouse effect), whereas the
storage of hydrogen and methane is considered cornerstone
technologies to promote more widespread adoption of clean
energy.”/l These represent complementary efforts toward a
global transition to a low-carbon economy for more sustainable
economic development. In addition to this, the replacement of
cryogenic distillation for the separation of valuable light hydrocar-
bons (e.g., ethylene/ethane, propylene/propane) is significant for
improving the energy efficiency of petroleum-based industries.®!

As an acidic and polarizable gas, capture of CO, may be
affected by several distinct mechanisms. The capture of CO,
can take place at various stages of the power generation process,
utilizing precombustion flue gas or postcombustion flue gas
as feed in order to reduce the net release of CO,. Furthermore,
the design of sorbents for direct air capture (DAC) is desired to
decrease the concentration of existing CO, in the atmosphere.*”!
The differing feed compositions and operating conditions (in
particular temperature and pressure) imposes different require-
ments vis. uptake capacity and selectivity on the materials. The
incumbent technology for scrubbing postcombustion flue gas
(=15% CO; and =75% N, at =1 bar) utilizes chemical absorption
by aqueous alkanolamine solutions.'® The current benchmark
adsorbent for adsorptive CO, capture is Mg-MOF-74 with a CO,
uptake of 5.28 mmol g! under dry simulated conditions. The
primary functionality of the MOF originates from the presence
of open metal sites lining the porous channels. The exceptional
CO, uptake of Mg-MOF-74 results from the combination of
low atomic weight of the Mg element as well as increased ionic
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Figure 12. a) TEM and b) HRTEM images of an individual Ni-doped Co/CoO/NC dodecahedron hybrid. c) Rate capability at various current densities
for Ni-doped Co/CoO/NC. a—) Reproduced with permission.l*!l Copyright 2017, The Royal Society of Chemistry. d) Schematic illustration showing
the formation of N-doped porous carbon hollow tubule (CHT). e) TEM and f) HRTEM images of N-doped porous CHT, inset shows the d-spacing
line-profile and yellow circle encloses the existence of curvature and defects. g) Rate capability at various current densities and cycling performance at
4.5 A g7 over 10 000 cycles of N-doped porous CHT. d—g) Reproduced with permission.®*?! Copyright 2017, Elsevier.

character of Mg—O bond, which endowed the framework with
high low-pressure affinity.l'>“¢72] Despite the remarkable perfor-
mance, the relevance of open metal site-based sorbents for CO,
capture has been impeded by passivation of the guest binding
sites by water, limiting their use in post-combustion capture.[1%!]
To address this problem, Long’s group and others have turned
to diamine grafting in isoreticular frameworks to leverage the
highly selective chemisorption mechanism (Figure 13a).l!%
Optimization of the available pore space may be achieved by
extending the scaffolding linker or reducing the chain length of
the grafted diamine (Figure 13b,c).l'%! For instance, expanded
MOF-74 structure possessing 18.4 A wide channels lined with
open metal coordination sites was obtained via ligand exten-
sion. Further functionalization of the expanded MOF-74 struc-
ture with N,N’-dimethylethylenediamine resulted in enhanced
gas diffusion and extraordinary CO, adsorption properties,
indicating the key role of pore space and functionalization.'9%
The case study of MOF-74 in CO, capture highlights the effi-
cacy of rational tuning in versatile platforms to yield favorable
application performance. When subject to a similar approach of
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atomic-level design, the MOF-74 family has displayed promise
in hydrocarbon separations.'%l The importance of selectivity
in separation-based applications typically imposes stringent
requirements on the MOF scaffold and attaining the “appro-
priate” pore system, which may even outweigh functionality
considerations. The recent successful examples have evidenced
a shift toward “ultra-tuning” or “fine-tuning” approaches to
meet these requirements. For size-sieving based separations,
the design of the framework geometry—, e.g., triangular aper-
tures in fcu MOFs—enables the attenuation of large stepwise
changes in the linear dimension of the organic linkers into
smaller variation of the aperture sizes.'® Eddaoudis group,
for example, adopted isoreticular chemistry to synthesize rare-
earth metal (yttrium and terbium) and fumarate ligand-based
fcu-MOF with a specific window size that can afford sieving of
branched paraffins (isopentane, isobutane) from normal paraf-
fins (n-pentane, n-butane). Deliberately regulated window aper-
ture size (=4.7 A) endowed the structure with molecular sieving
property to exclude larger-sized branched paraffins whilst cap-
turing the smaller-sized normal paraffins.'®! Interpenetration
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Figure 13. a) Postsynthetic modification scheme for diamine-functionalized MOF-74 analogue. Reproduced with permission.l2¢ Copyright 2012,
American Chemical Society. b) Scheme for carbamate chain formation during CO, chemisorption on diamine functionalized Mg, (dobpdc). c) CO,
adsorption step tuning by varying the structure of diamines. b,c) Reproduced with permission.'%<l Copyright 2017, American Chemical Society. d)
Calculated binding modes of H, in Co(p-dobdc) and Co(m-dobdc) complexes. Reproduced with permission.l1%l Copyright 2014, American Chemical
Society. €) H,/D, binding sites in Co(m-dobdc). f) Differences in temperature-programmed desorption of H, in Ni,(m-dobdc) and Ni,(dobdc) indi-
cating the different interaction energies. e,f) Reproduced with permission.['”) Copyright 2018, American Chemical Society.

of self-dual networks is another strategy, which is effective to
control pore size with greater precision.l”!

Adsorption-based storage of energy-related gases, namely
hydrogen and methane, faces lofty performance targets to attain in
order to meet the demand for on-board vehicular storage. For H,,
the 2020 U.S. Department of Energy target is 4.5 wt% gravimetric
capacity, 30 g L! volumetric capacity under a maximum delivery
pressure of 100 atm between -40 to 60 °C. Kapelewski et al.
reported a MOF-74 isomer using 4,6-dioxido-1,3-benzenedicarbo-
xylate which increased the charge density at the OMSs, leading
to record hydrogen binding enthalpies (Figure 13d).1%! The
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nickel-based material possessed volumetric capacity of 11.0 g L™!
at ambient condition (Figure 13e,f).1] For CH,, 263 cm® cm
volumetric capacity has been stipulated. Peng et al. established in
2013 that HKUST-1 MOF was able to meet the latter target pro-
vided ideal packing efficiency was retained.'% Recently, Fairen-
Jimenez and co-workers reported a protocol for the preparation of
HKUST-1 monoliths capable of near-ideal packing densities.!1%’]
The methane uptake in the best-performing sorbents is largely
governed by van der Waals interactions, which suggests scope for
design for porosity optimization. However, an operational caveat
is the 5 bar minimum pressure for desorption, which negates the
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CH, uptake at the low pressure region of the isotherm.l'%! The
utilization of methane-induced phase transitions to address this
issue was demonstrated using Fe and Co benzenedipyrazolate
frameworks.''% Kundu et al. investigated the methane storage
and delivery characteristics of flexible MIL-53-type MOFs, which
are functionalized by incorporating hydroxyl groups to the linker
to control structural phase transition.!'!l Stepwise methane
sorption isotherms of MIL-53(Al)-OH confirmed gradual transfor-
mation of narrow pores to large pore as a function of methane
pressure. It exhibited a deliverable methane capacity of 164 v/v at
65 bar and 298 K and performed better than MIL-53(Al)-OH, due
to m—m stacking control over the breathing behavior. This unique
structure—property relationship shows that the installation of
functional moieties to control structural breathing transitions may
be promising for the development of more effective materials.

5.2. Water Harvesting

As the latest Global Risks Report published by the World Eco-
nomic Forum (2019) states, the water crisis is among the top
five risks of greatest concern in terms of impact, and it is
perceived as more likely than many other economic, environ-
mental, geopolitical, social, and technological risks.['1? Notably,
fresh water accounts for only 2.5% of the total water stocks, and
a large percentage of it (68.7%) is locked in icebergs, posing a
challenge in accessibility and feasibility for producing potable
fresh water.'!3] Moreover, considering the uneven spatial dis-
tribution of stocks (e.g., landlocked and isolated areas), con-
tamination in readily available resources and effect of temporal
fluctuations on water supply-demand, it was reported that two
thirds of the world population experience fresh water scarcity
at least one month in a year and half a billion people deal with
water shortage throughout the year.''* Atmosphere is an alter-
native source of fresh water, holding about 0.13 quintillion (10'¥)
liters of water in form of moisture/water droplet.!*3! Presently,
fog and dew water collection are the main atmospheric water
harvesting (AWH) technologies proposed to alleviate the water
stresses.l'! Fog water collection is a viable approach, in which
water carried by the wind is trapped on fine mesh and naturally
drips into a container, yet presence of correct wind speeds and
100% relative humidity (RH) are essential for this operation.
Similarly, dew water collection allows liquid water harvesting
from atmosphere via passive radiative condensers, which is lim-
ited by daily climate variation-dependent dew formation condi-
tions. Very recently, adsorption-based water harvesting has been
proposed for regions where fog and dew water collection are not
feasible to operate due to weather conditions.[*2#116 Tt requires
a sorbent material with remarkable uptake capacity to capture
moisture at a relatively high humidity level and low temperature
during nighttime, and regenerate during daytime by utilizing
the naturally available solar-thermal energy and/or waste heat.
Although zeolites and silica are conventional and economic
porous sorbents, their exploitation is hindered by the low water-
uptake and/or elevated regeneration temperatures ascribed to
the strong water—sorbent interactions. In this respect, MOFs are
alternative candidates with diverse water sorption characteris-
tics, high porosities, and modular reticular chemistry. Atomic-
and molecular-level design have been the key to fulfill the
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essential hydrolytic stability prerequisite for durable AWH oper-
ation."”! Susceptibility of MOFs for degradation over ligand
displacement and hydrolysis has paved the way for regulating
kinetic and thermodynamic factors by means of engineering
the electronic and steric effects of the metal and ligand.''”]
Moreover, water sorption characteristics of MOFs have been
tailored by in situ functional linkers substitution, postsynthetic
hydrophilic group grafting and defect generation for favorable
water adsorption/desorption processes.”! For example, Wicken-
heisser et al. demonstrated that it is possible to increase water
uptake capacities and shift water adsorption isotherms to lower
relative pressures by grafting hydrophilic groups (EG (ethylene
glycol), DEG (diethylene glycol), TEG (triethylene glycol), and
EN (ethylenediamine)) onto coordinatively unsaturated metal
sites in MIL-100(Cr) (Figure 14a).’ Likewise, CAU-10 series
bearing functional groups with different polarity and size
exhibited distinct water sorption behaviors (Figure 14b).”" By
systematically tuning the synthesis conditions, it is possible to
create defects in form of missing-linker defects and missing-
cluster defects in pristine MOF structures, particularly in Zr-
MOFs (e.g., Ui0-66, UiO-67, UiO-68, MOF-801) by a virtue of
exceptional stabilities.”?) Complimentary molecular simulations
suggested that missing organic linkers in UiO-66 increase the
hydrophilicity and improves the water affinity (Figure 14c).'8l
Rieth et al. reported that presence of unsaturated metal sites
ensures reversible and continuous pore filling in large 1D chan-
nels of Co,Cl,(BTDD) MOF (22 A), which matches to the crit-
ical diameter (D) for irreversible capillary condensation, since
expeditious preadsorption of water molecules on unsaturated
metal sites narrows down the pore size below D..['1% Notably,
Co,Cl,(BTDD) was tested under simulated daytime-nighttime
desert conditions (daytime values of 45 °C and 5% RH, night-
time values of 25 °C and 35% RH) to investigate ideal deliver-
able water capacity. An ideal deliverable water capacity of 0.82 kg
water per kg of Co,Cl,(BIDD) was predicted based on the
characteristic curve-derived isotherms under representative con-
ditions. Moreover, Co,Cl,(BTDD) was predicted to release 0.87 L
of water per kg MOF per cycle when operated in a RH region
between 65% (nighttime, 25 °C) and 10% (daytime, 66 °C).
Importantly, the first proof-of-concept of such a system dem-
onstrated in 2017 reported encouraging findings for harvesting
water from air using a sorbent material.[''®? 0.30 L of water was
estimated to be potentially harvested using 1 kg of MOF-801 in
a single cycle relying on nighttime humid air (65% RH, 25 °C)
and daytime ambient sunlight (10% RH, 66 °C) (Figure 14d—f).
Moreover, in arid regions (5-40% RH, 10-40 °C), natural fluc-
tuation of weather conditions was able to drive water-harvesting
process with high-energy efficiency, resulting in collection of 0.1
kg of water per kg of MOF-801 leveraging the available photo-
thermal energy and passive natural cooling.''%d

5.3. Water Remediation

The previous section has addressed the direct capture of
water from the atmosphere to meet the growing demand for
potable water. A complementary approach is the removal of
contaminants of water, including heavy metal cations, dyes,
agrochemicals, and other organic pollutants. This is necessary
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Figure 14. a) Water adsorption isotherms of MIL-100 (Cr) and EG-, DEG-, TEG- and EN-grafted MIL-100(Cr) at 25 °C. Reproduced with permission./74l
Copyright 2013, Elsevier. b) Water adsorption isotherms of CAU-10-X (X: —H, —NO,, —NH,, —CH;, —OCHj3, and —OH) at 25 °C. Reproduced with
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istry. d) Water adsorption isotherms of MOF-801 at temperatures of 25 °C and 65 °C. The inset shows the crystal structure of MOF-801. Each large
sphere indicates a different cavity. Black, C; red, O; blue polyhedra, Zr. e) Schematic and f) proof-of-concept water-harvesting device. d—f) Reproduced
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not only to mitigate threats to human health arising from poor
quality water sources, but also to limit long-term impact on the
Eartl's ecosystems. The modularity of MOFs is a distinct advan-
tage allowing tailoring of performance to accommodate the dis-
tinct chemical characters of the contaminants and pollutants.
Several reviews have been published summarizing the develop-
ment of MOF adsorbents in water remediation.'”! Other provide
in-depth consideration of certain classes of pollutants including
heavy and radioactive metals,***'2% hazardous organics,'?! as
well as pharmaceuticals and personal care products.[22]

A prerequisite for MOFs being applied to water remediation is
a sufficient stability to survive prolonged immersion in aqueous
environments. This is a more stringent requirement compared
to the case of direct water capture, where liquid water with low
ionic content is involved. When removing charged compounds,
for example, dyes like methylene blue and methyl orange, the
pH is highly relevant in determining the separation perfor-
mance. In general, in line with hard/soft acid/base (HSAB)
theory, the combination of high-valence metal cations with
carboxylate-based ligands is a route to derive chemically stable
materials.'?3] However, for water remediation, more stringent
stability criteria are typically required. Bezverkhyy et al. reported
drift toward acidic pH when MIL-100(Fe) and MIL-53(Fe) were
dispersed in deionized water solutions.'?! When the pH was
maintained at 7 by base titration, collapse of the frameworks
occurred. The observation exposes the need for more careful
consideration of the MOF structural properties in order to avoid
undesired structural degradation and leaching problems.
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From the design perspective, a few synthetic trends have
been identified to address threats to stability, in particular
media with high acidity, basicity, or concentrations of metal-
coordinating ligands. Increasing the connectivity of the organic
ligands is an effective way to improve the stability of the MOF
structures. PCN-250, incorporating a tetratopic carboxylate
ligand, is stable in aqueous solutions ranging from pH 1 to
pH 11.'%] The aluminum chain-based 467-MOF, incorporating
elongated tritopic ligands, is stable within the same pH range
up to 36 h.l'26l BUT-12/BUT-13, also based on tritopic ligands
and zirconium clusters is stable from pH 0 to pH 10.1?7] The
improved stability of these MOFs increases their applicability
in water remediation. For example, the fluorescent property of
the ligands in BUT-12/BUT-13 enabled the use of the frame-
works for simultaneous detection and capture of antibiotics and
nitroaromatics in aqueous environments.

The presence of strongly coordinating anions, such as F~,
SO,*, and PO,*, requires alternative strategies to be devel-
oped.'?8] Besides hard-acid/hard-base metal-linker combina-
tions, the pairing of soft acids with soft bases may also gen-
erate stable frameworks less susceptible to attack by hard
Lewis base anions. The PCN-602 framework bearing the
[Nig(OH),(H,0),Pz,] cluster was shown to withstand KF,
K;PO,, and Na,COj; aqueous solutions, albeit with lower acid
tolerance (up to pH 4).128 Alternative coordination motifs,
such as phenolates and phosphonates, have also been shown
to yield ultrastable porous materials. Devic et al. reported the
MIL-163 structure based on a phenolate-based ligand, which
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was able to survive exposure to 0.1 M phosphate-buffered-
saline (PBS) media.l'*) Wang and co-workers reported three
zirconium phosphonate frameworks with tetrahedral-shaped
linkers, denoted SZ-1 to SZ-3, exhibiting remarkable stabilities
in fuming acid conditions.'3 The latter compound showed
hitherto unprecedented stability in aqua regia and good uranyl
uptake behavior. The combined porosity and stability of these
compounds is promising for harsher applications such as
nuclear waste remediation.

Due to the multiplicity of contaminants of interest for
adsorptive separation, it is challenging to presume general
design strategies for MOF adsorbents. Regardless, a prom-
ising structural motif worth mentioning is the hydroxyl/aqua
capped sites in several high-valence metal-based MOFs, which
may emerge from defect engineering or topological reasons.
The capacity of these sites for interaction with both metal
ions and coordinating ligands suggests their use in adsorptive
removal of contaminants. The defect sites in Zr MOFs have
proven to be effective in the removal of heavy or toxic metals.
Li and co-workers reported the capture of As(V) from aqueous
solution by UiO-66 with a high uptake capacity of 303 mg g™,
which was attributed in part to the hydroxyl groups in the
framework.3!l Farha’s group have tested selenate and sel-
enite removal in a series of zirconium MOFs.132l The uptake
capacities possessed clear dependence on the number of defect
sites (i.e., not occupied by structural ligands). The capture of
pertechnetate (TcO,”) and perrhenate (ReO,”) was shown to
occur by a pseudo-ion exchange mechanism at the hydroxyl
or water-capped sites in the Zr node of NU-1000 by the same
group.l'*¥l As an example of the second case (capture of coor-
dinating organic ligands), Gu et al. reported a superior uptake
capacity of the organophosphorous pesticides, glyphosate, and
glufosinate, by UiO-67(Zr).13* The phosphate groups were
postulated to interact with the nodes given the high affinity of
phosphate for zirconium.

The amenability for atomic-level design in MOF materials
is envisaged to produce high-performance adsorbents in water
remediation. Meanwhile, ongoing development toward under-
standing the adsorption mechanisms and optimizing the scal-
able preparation of MOF materials is required to enhance the
viability of MOFs for this application.

6. Summary and Outlook

We have summarized the strategies and recent progress on
atomic- and molecular-design of MOFs and MOFs derivatives
to develop advanced functional materials for broad applica-
tions such as gas storage, gas separation, water harvesting,
water remediation, HER, OER, ORR, CO,RR, and recharge-
able batteries. The following design strategies are presented
to prepare functional pristine MOFs and MOFs derivatives
for energy and environmental applications. 1) Rational selec-
tion and coordination of the MOFs primary constituents,
and functional group and defect introduction into MOFs can
be employed to render pristine MOFs with unique structural
properties and chemical functionalities. Application-targeted
modulated MOFs have exhibited promising performance in
environmental applications such as gas storage/separation and
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water harvesting/remediation as well as energy conversion
applications, including OER and CO,RR. 2) Carbon materials
derived from MOFs can be endowed with exceptional elec-
tronic and structural properties through N-doping. Graphiti-
zation degree, nitrogen-dopant content, dopant configuration,
surface area, and morphology of the carbon structure can be
modified by engineering the pristine MOFs and tuning the
posttreatment conditions. Moreover, carbons with defective
lattice can be prepared by designing N- and low boiling point
metal-containing MOFs. Importantly, single metal atom sites
can be created in the carbons by designing MOFs via ionic
coordination, pore confinement, N-posttreatment and NPs-to-
single atom conversion strategies. 3) Transformation of MOFs
into transition metal atom incorporated MOF-derivatives (tran-
sition metal oxides, chalcogenides, pnictides, and nitrides) via
a prior pristine MOF design offers unprecedented electronic
structures and porous morphologies beneficial for mass and
electron transfer. Notably, carbons and transition metal-based
materials derived from atomic- and molecular-level designed
MOFs outperform the state-of-the-art materials in energy con-
version and storage fields such as electrocatalysis (OER, ORR,
HER, CO,RR) and rechargeable batteries as discussed through
recent case studies.

Although considerable progress has been made in appli-
cation-directed design of MOFs and MOFs derivatives, some
shortcomings and challenges affecting their efficacy still exist.
1) Despite the great versatility of MBBs and modularity of
MOFs, only several well-known MOFs such as ZIF-67, ZIF-8,
PBAs, and MILs are commonly employed to transform MOFs
into MOFs derivatives. However, precise control of reticular
chemistry could guide preparation of diverse MOFs deriva-
tives, facilitating exploration of functional materials with novel
physicochemical properties, optimal chemical composition and
abundant electrochemical active sites. In pursuit of this, PSM
can be an effective approach to realize such pristine MOFs.
2) Treatment and characterization of ordered heterogeneity
by the introduction of functionalities into defined sites is well
established. However, other strategies to attain diversity, e.g.,
the generation of hybrid MOF phases by mixed-component
syntheses, require deeper understanding of distribution. This
is important for the rationalization of “synergistic” effects and
deviations from simple mixing systems. 3) Lack of profound
insight into the control of loading content and coordination
environment of atomically dispersed metal species in MOF-
derived carbons has been a typical challenge for preparation of
highly active single-atom sites. To accomplish this goal, strate-
gies can be developed to prepare bimetallic pristine MOFs with
precise metallic content adjustment, which are prone to homo-
geneously lose one metallic component and stabilize the other
through intrinsically formed defects during post-treatment. In
addition, although the top-down NPs-to-single atom conversion
is more controllable compared to bottom-up MOF-to-single
atom approaches, only a few types of single metal atoms have
been reported (Ni, Pd, Au, Pt) so far. Thus, this strategy offers
an avenue for controlled preparation of diverse single metallic
atom sites. Moreover, advanced in situ and operando charac-
terization techniques coupled with theoretical investigations
should be employed to realize the single-atom formation and
coordination processes. The same techniques can be used to
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unveil structure—performance relationship and catalytic mecha-
nism. 4) Low conductivity of pristine MOFs has been a signifi-
cant concern for their effective utilization in energy storage and
conversion fields. Thus, more efforts should be devoted toward
atomic- and molecular-design of MOFs to advance the through-
bond and through-space approaches”¥ for improving the
intrinsic charge mobility. 5) Despite the formation of local and
extended defects in MOFs and MOFs derivatives, controllable
synthesis of defects remains as a challenge, especially for MOF-
derived carbons. Predesigning pristine MOFs with controllable
content of volatile elements that can progressively distract the
carbon lattice is believed to offer great opportunities for defect
engineering. Moreover, advanced material characterization
tools and theoretical calculations are required to elucidate the
interplay between defect concentration/type and activity. 6) For
gas storage and sorption applications, the geometry and pore
environment play important roles in the performance. Rational
design strategies for the adjustment of porosity with higher pre-
cision are necessary to attain even higher performances. 7) Pas-
sive atmospheric water harvesting is still in its infancy, neces-
sitating rational synthesis of MOFs through atomic- and molec-
ular-design strategies such as proper linker-metal node choice
and defect generation to satisfy the prerequisites of essential
hydrolytic stability and high water adsorption uptake/delivery
capacity under desired conditions. In addition, effect of chem-
ical functionalities and structural properties on water adsorp-
tion kinetics and mechanism needs to be explored to gain in
depth understanding on the structure—activity relationship.

To sum up, application-targeted atomic- and molecular-level
design of MOFs has been a central approach to improve the per-
formance of MOFs and MOF-derivatives. Modularity of MOFs’
surface chemistry, thanks to versatility of the molecular building
blocks, has offered boundless structures with unique func-
tionalities and morphologies for a wide range of energy (e.g.,
CO,RR, ORR, OER, HER, rechargeable batteries) and environ-
mental (e.g., gas storage/separation, water harvesting/remedia-
tion) applications. Although it is clear that MOFs provide vast
possibilities for developing functional materials through atomic-
and molecular-level design, aforementioned challenges hinder
further enhancement of existing materials’ performance and
expansion of material choice with target functionalities. Unprec-
edented potential of as-designed MOFs and MOF-derivatives in
energy and environmental fields is believed to be encouraging
for future efforts to overcome the current challenges. Particu-
larly, design guidelines toward specific applications should be
proposed by gaining in-depth understanding on structure/func-
tionality—activity relationship through complimentary advanced
material characterizations and theoretical calculations.
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